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 ABSTRACT 
 
The activation of small molecules, such as O2 or N2, as synthons for sustainable 
synthetic chemistry has motivated extensive research activities.  For example, the use of 
O2 as a terminal oxidant is attractive because O2 is thermodynamically strong oxidant and 
O2 reduction generates water as a byproduct. Small-molecule utilization is stymied by 
several challenges: (1) the inertness of many small molecules imposes significant kinetic 
barriers on the activation and (2) the utilization of O2 or N2 proceeds via redox reaction 
which involves multi-electron and multi-proton process. While Biology routinely utilizes 
these small molecules, such as O2 and N2, by hiring transition metal active sites, synthetic 
chemists are still developing tools to translate these processes to the laboratory. 
This dissertation will present efforts to develop new platforms for oxidation 
catalysis using O2 as terminal oxidants and to develop synthetic methods towards multi-
nuclear transition metal complexes as a platform for small molecule activation. The first 
half of the thesis discusses the development and mechanistic investigation of aldehyde-
promoted aerobic hypervalent iodine catalysis. In contrast to the canonical two-electron 
oxidation mechanisms for the oxidation of organoiodides, the developed aerobic 
hypervalent iodine chemistry proceeds via a radical chain mechanism initiated by the 
addition of aerobically generated acetoxy radicals to aryl iodides. The second half of the 
thesis describes a new synthetic strategy to systemically access trinuclear transition metal 
complexes with programmed metal content, which represent attractive platforms to 
examine small molecule activation and conversion. 
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CHAPTER I  
INTRODUCTION: SMALL MOLECULE ACTIVATION FOR C–H 
FUNCTIONALIZATION 
 
I.1 Introduction 
Global environmental concerns have stimulated extensive research to identify new 
systems and economies that are sustainable, clean, low cost, and environmentally benign.1, 
2 The utilization of small molecules in synthetic chemistry has gained extensive interest 
in the development of sustainable synthesis because simple small molecules, such as O2 
and N2, are readily available, store a large chemical energy, and can in concept be used as 
feedstocks and reagents in low-waste synthetic chemistry. For example, the use of O2 as a 
terminal oxidant is attractive because O2 is thermodynamically strong oxidant, and O2 
reduction generates water as a byproduct. Small-molecule utilization is stymied by several 
challenges: (1) the inertness of many small molecules imposes significant kinetic barriers 
on the activation and (2) the utilization of O2 or N2 proceeds via redox reaction which 
involves multi-electron and multi-proton process.  
Nature has developed strategies to harness chemical energy from small molecules 
and utilize them in functionalization of hydrocarbons via low-barrier reaction pathways. 
Dioxygen activation by enzymes, such as cytochrome P450, ribonucleotide reductase, and 
bacterial multicomponent monooxygenases (BMMs), is involved in various essential 
biological activities ranging from DNA synthesis and hydrocarbon metabolism to cell 
proliferation.3, 4 For example, the soluble methane monooxygenase (sMMO), a member 
 
 2 
of the BMM family, oxidizes methane to produce the value-added product, methanol, 
using O2 at the carboxylate-bridged diiron active site where the multi-electron reaction 
can be promoted via cooperative redox processes.5 The development of analogous 
catalytic reactions that enable small molecule activation and utilization in chemical 
synthesis is of great interest. 
This dissertation discusses the O2 activation applied in the C–H functionalization 
chemistry and the development of novel multinuclear transition metal complexes as a 
platform for small molecule activation. In this context, this chapter will introduce the 
aerobic substrate oxidation chemistry in biology and synthetic aerobic oxidase catalysis. 
In addition, enyme active sites containing multimetallic clusters for the small molecule 
activation and synthetic examples of multi-metallic compounds will be discussed.  
 
I.2 Aerobic Oxidation 
Oxidation reactions in organic chemistry are important because they can increase 
chemical complexity by incorporating heteroatoms or unsaturation into carbon-based 
molecules. The development of chemical strategies to utilize O2 as a terminal oxidant is 
an attractive in a sustainable synthetic chemistry since O2 is a readily available, 
environmentally benign, thermodynamically strong oxidant. There are two broad classes 
of aerobic oxidation — oxygenase chemistry and oxidase chemistry — which differ in the 
mode of O2 utilization:6 Oxygenase chemistry involves the transfer of oxygen atoms from 
O2 to organic substrates; oxidase chemistry uses O2 only as a proton and electron acceptor 
without being incorporated into organic substrates. Oxidase methods are attractive 
 
 3 
because many desirable oxidation products do not require substrate oxygenation. 
However, selective and efficient utilization of O2 in organic synthesis is challenging due 
to its triplet ground state, which imposes substantial kinetic barriers and gives rise to 
poorly selective radical chemistry,7, 8 and due to the disparity between the electron 
inventories of four-electron O2 reduction and two-electron substrate oxidation.9, 10  
I.2.1 Biological Aerobic Oxidation 
Enzymes routinely performs selective oxidations ranging from epoxidation, 
hydroxylation, oxidative coupling, and oxidative cleavage to C–H oxidation via highly 
reactive oxidized metal sites, such as metal oxo intermediates, generated from O2.11-15 In 
contrast, most organic synthesis relies on the chemical oxidants for the oxidative 
transformation, which generate (super)stoichiometric chemical waste. Better 
understanding of biocatalytic aerobic oxidation mechanism could provide inspiration on 
how to utilize O2 as a selective in synthetic oxidation chemistry. Monooxygenases 
catalyze various chemical transformations via insertion of a single oxygen atom into the 
substrate from O2. Their structure and mechanism have been extensively studied due to 
their highly selective functionalization of substrates. Monooxygenases achieved the 
activation of O2 by recruiting a transition metals with unpaired d-electrons to overcome 
the spin barrier and cofactors which assist electron transfer to the active site. 
Monooxygenase can be divided into different classes, and heme-iron monooxygenase 
(cytochrome P450 monooxygenase), and non-heme iron monooxygenase will be 
discussed here. Special emphasis is placed on the mechanism by which these enzymatic 
systems utilize O2 to generate high-valent metal-based oxidants.  
 
 4 
I.2.1.1 Cytochrome P450 monooxygenase 
Cytochrome P450 monooxygenases are one of the largest enzyme families best 
known for drug metabolism and biosynthesis, catalyzes selective C–H oxidative 
functionalization reactions, such as hydroxylation, epoxidation, and C–C bond scission 
(Figure I.1).15-19 The mechanism of oxidative C–H functionalization has been extensively 
studied (Figure I.2a).15-19 In general, a mechanistic description has emerged as follows: 
initial reduction of the resting iron(III) porphyrin by NADH generates an iron(II) 
porphyrin intermediate. Subsequent binding of O2 is accompanied by electron transfer to 
produce an iron(III) superoxo complex. The resulting ferric superoxo compound is further 
reduced to the ferric hydroperoxo by proton- and electron-transfer (Figure I.2; compound 
0). This serial reductive activation of O2 during catalytic cycle can be achieved via 
carefully choreographed delivery of protons and sacrificial reductants (i.e., NADH). The 
protonation of distal oxygen of hydroperoxo compound via proton-relay from hydrogen 
bonding water network assisted by the adjacent protein leads to heterolytic cleavage of O–
O bond to generate the reactive oxoiron(IV) porphyrin cation radical (Figure I.2; 
compound I).17 This O–O bond activation is facilitated by creating a better leaving group 
(pull effect) and by s-donation (electron push) from an axial thiolate ligand.  
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Figure I.1 Cytochrome P450 monooxygenases substrate functionalization. The figure is reprinted with 
permission from reference 18. 
 
 
Figure I.2 (a) The mechanism of activation of O2 at the heme active site of cytochrome P450. (b) The 
oxygen rebound mechanism of substrate oxidation. The figure is reprinted with permission from reference 
17. 
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The reactive oxoiron(IV) porphyrin cation radical compound mediates C–H 
functionalization. The initially proposed C–H oxidation mechanism by oxoiron(IV) 
porphyrin cation radical was the direct oxidation of substrate via oxygen atom transfer due 
to the stereoretentive hydroxylation of cholesterol.16 In 1978, the radical rebound 
mechanism was proposed by Groves, McClusky, White, and Coon, suggesting the 
oxidation C–H bonds occurs via the initial hydrogen atom abstraction to generate the alkyl 
radical and hydroxyiron(IV) porphyrin (Figure I.1; compound II), followed by the radical 
rebound to generate the product and ferric porphyrin. The large intramolecular kinetic 
isotope effect (kH/kD = 4–18), the partial inversion of stereochemistry in deuterated 
norbonane oxidation, and the radical clock substrate oxidation support the radical rebound 
mechanism (Figure I.1b).16, 17  
  
I.2.1.2 Non-heme iron monooxygenase 
Non-heme iron monooxygenases also perform C–H functionalization and 
epoxidation, and they can be classified into two different class: mononuclear and binuclear 
iron enzymes. Most of these enzymes are comprised of three protein components: (1) the 
diiron active site, (2) a reductase, and (3) a regulatory protein. Among monoiron enzymes, 
a-Ketoglutarate (a-KG)-dependent enzymes are the largest subclass that performs a wide 
range of substrates transformation such as hydroxylation, desaturation, and ring closure.19, 
20 They are essential for the biosynthesis of a diverse array of compounds. For instance, 
prolyl hydroxylase oxidizes proline to hydroxyproline in collagen biosynthesis,21 and 
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clavaminic acid synthase catalyzes the synthesis of the b-lactamase inhibitor clavulanic 
acid.22 Their iron(II) active site is bound to a common 2-His-1-carboxylate facial triad,23 
and the remaining coordination sites are occupied by water molecules which can be 
displaced by O2 or a-KG. The proposed mechanism of their oxidation begins with 
displacing water molecules with a-KG and O2 to afford an iron(III) superoxo, which 
attacks the keto carbon of an a-keto acid generating an iron(IV) peroxo intermediate. O–
O cleavage leads to the formation of an iron(IV) oxo compound, which is responsible for 
the substrate oxidation.  
 
 
Figure I.3 (a) a-KG-dependent enzymes substrate oxidation. (b) The proposed mechanism of a-KG-
dependent enzymes substrate oxidation via an iron(IV) peroxo intermediate. The figure is reprinted with 
permission from reference 20. 
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The diiron enzymes, which are also known as BMMs, also effect various substrate 
oxidations. sMMO is one example of this class that has gained great interest due to the 
ability to activate the strong C–H bond of methane (BDE ~105 kcal/mol).3, 11, 24, 25 sMMO 
oxidize methane at the carboxylate bridged diiron active site. The two-electron reduction 
of a diiron(III) resting state by a NADH and a reductase yields a diiron(II) enzyme, which 
rapidly reacts with O2 to produce a diiron(III) peroxo intermediate. The O–O bond 
cleavage of the diiron(III) peroxo intermediate leads to the key reactive Fe oxo 
intermediates that can activate C–H bonds of methane. Both bridging oxo intermediate in 
diamond conformation (closed-core) and the terminal open-core oxo intermediate are 
proposed as the structure of Fe oxo intermediate. 
 
 
Figure I.4 Proposed catalytic cycle of sMMO with spectroscopically characterized intermediates. The figure 
is reprinted with permission from reference 25. 
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I.2.2 Synthetic Aerobic Oxidation Catalysis 
To translate biological oxidase chemistry in synthetic chemistry, there have been 
a lot of efforts in developing aerobic oxidase catalysis. One of the efforts was toward the 
synthesis of the biomimetic transition metal complexes. Synthesis of metalloporphyrins 
with various transition metals (e.g. Mn, Fe, Co, etc.) has gained significant interest as 
biomimetic systems for cytochrome P450s due to their wide applications in oxidation 
catalysis. The pioneering works were reported by Groves and co-workers using O2 as a 
terminal oxidant for epoxidation of olefins using a ruthenium porphyrin, 
dioxo(tetramesitylporphyrinato)ruthenium(VI) ([Ru(TMP)(O)2]).26 The stoichiometiric 
oxidation of norbornene with [Ru(TMP)(O)2] showed the dioxoruthenium(VI) compound 
is active oxidant for epoxidation. The synthesis of [Ru(TMP)(O)2] from 
[Ru(TMP)(THF)2] with O2 or iodosylbenzene suggested [Ru(TMP)(O)2] is aerobically 
generated via the disproportionation of a initially formed oxoruthenium(IV) [Ru(TMP)O] 
via RuOORu dimer intermediate (Figure I.5).26, 27 Numerous researchers further 
developed a wide range of aerobic oxidation catalysis mediated by metalloporphyrins, 
such as the aerobic epoxidation of olefins, the oxidation of benzylic C–H bonds, 
hydroxylation of cycloalkanes.28 The key to successful C–H oxidation using 
metalloporphyrin is the formation of a high-valent oxo intermediate, which is found to 
abstract a hydrogen atom in the cytochrome P450. However, it is difficult to control the 
aerobic generation of oxo intermediates due to the diradical nature of O2 leading to the 
formation of highly reactive radical intermediates, which undergo to unproductive side-
reactions. Thus, the chemical oxidants, such as iodosylbenzenes, hypochlorite, and 
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peroxides, were popularly used for selective oxygen atom transfer to metalloporphyrin. 
Along with metalloporphyrin aerobic oxidation catalysis, the metalloporphyrin-mediated 
oxidation reactions, such as the epoxidation of olefins, and hydroxylation, azidation, 
halogenation, and fluorination, were reported using chemical oxidants.17, 29-34 
 
 
Figure I.5 The proposed mechanism of aerobic epoxidation with [Ru(TMP)(O)2]. The figure is reprinted 
with permission from reference 26. 
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In addition to metalloporphyrins, iron(II) complexes supported by scorpionate 
ligands such as trispyrazolylborates have been studied as biomimetic systems for a-
ketoglutarate-dependent iron enzymes due to their histidine ligands in facial geometry. In 
1995, Valentine and co-workers reported the synthesis of an iron(II) complex of 
benzoylformate (BF) and tris(3,5-dimethyl-1-pyrazolyl)borohydride (HB(3,5-Me2pz)3) 
and the aerobic epoxidation of cyclohexene and cis-stilbene (no epoxidation with trans-
stilbene is reported).35 The observation of highly stereospecific epoxidation of cis-stilbene 
suggested that epoxidation is accomplished by an iron(IV) oxo complex which is 
generated via O–O cleavage from an iron(III) peroxo complex where O2 is bridged 
between Fe(III) and BF. Que and co-workers reported a similar iron(II) complex using 
hydrotris(3,5-diphenyl-1-pyrazolyl)borate (TpPh2) to afford Fe(TpPh2)(BF) which reacts 
with O2 to perform a hydroxylation of phenyl rings of TpPh2 in the absence of substrate 
and a dehydrogenation of 9,10-dihydroanthracene, cyclohexene, cyclopentane, and 
cyclooctane.36-38  
 
Figure I.6 Reaction of [FeTpPh2(BF)] with O2. The figure is reprinted with permission from reference 38. 
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While the aforementioned transition metal complexes effect substrate 
functionalization via reactive high-valent intermediates, Pd-catalyzed aerobic oxidations 
perform a wide range of oxidation chemistry via a low-valent intermediate. Pd-catalyzed 
aerobic oxidase chemistry is one of the most mature classes of aerobic oxidase catalysis, 
which proceeds in two steps: (1) Pd(II)-mediated substrate oxidation and (2) the re-
oxidation of Pd(0) by O2. Pd-catalyzed oxidase chemistry has been applied to versatile 
oxidative functionalization chemistry, such as alcohol39-41 and olefin oxidation, Aza-
Wacker chemistry,42, 43 arene oxidation,44, 45 oxidative Heck reactions,46-50 and allylic 
oxidation reactions.51-53 Pd-catalyzed oxidation reactions can be divided into two large 
categories based on the mechanism of product formation.6 One is Pd-catalyzed aerobic 
oxidations via β-hydride elimination, which results in Pd(II)–H and products followed by 
elimination of H–X and re-oxidation of Pd(0) to Pd(II). Wacker-type oxidative 
transformations and Heck couplings are examples of Pd catalysis via β-hydride 
elimination (Figure I.7a). The other type oxidizes organic molecules through reductive 
elimination, forming carbon-carbon bonds or carbon and hetero atom bonds. Compared to 
β-hydride elimination pathway, Pd-catalyzed oxidative couplings via reductive 
elimination often require oxidants or electron transfer mediators (ETMs), such as 
benzoquinone54-58 or Cu,49 due to following two reasons: (1) the generated Pd(II) 
intermediate is not oxidizing enough to proceed the reductive elimination, which is 
confirmed as the rate-limiting step of Pd-catalyzed oxidative coupling by kinetics studies 
done by Stahl group, and (2) the reductive elimination results in naked Pd(0) which can 
decompose to Pd black by forming metallic bonds. Thus, oxidants or ETMs are often 
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required in Pd-catalyzed aerobic oxidations to make more oxidizing Pd-intermediates or 
to facilitate the re-oxidation of Pd(0) to prevent off-catalytic cycle path. 
 
 
Figure I.7 Overview of the catalytic mechanism of (a) the Wacker Process, and (b) a general representation 
of ligand-supported Pd-catalyzed aerobic oxidation reactions. The figure is reprinted with permission from 
reference 59. 
 
In the mid-1990s, studies by Larock,60-62 Hiemstra,63, 64 and Andersson/Backväll65, 
66 showed that Pd(OAc)2 in dimethylsulfoxide (DMSO) could promotes intramolecular 
Wacker-type cyclization of alkenes in the absence of ETM (Figure I.8), which raised 
ligand-promoted Pd-aerobic oxidation catalysis in the absence of ETMs (Figure I.7b).59 
The suggested role of ligands is to stabilize Pd(0) species or facilitating oxidative addition 
and reductive elimination steps preventing the formation of Pd black. Further, Pd(II) 
catalyst systems in polar coordinating solvents, such as N,N-dimethylformamide (DMF), 
N,N-dimethylacetamide (DMA), and benzonitrile, have proven to be effective for a wide 
range of chemical transformations.42-44, 67-71 The addition of catalytic amount of 
monodentate ligands, such as sulfoxides, pyridines, and thioethers, are also proven to 
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effectively promote the direct dioxygen-coupled turnover. Further, Stahl group showed 
the chelating bipyridine based ligands, such as 6,6’-difluorobibpyridine (6,6’-F2bpy), 2,2’-
dipyridylketone (DPK), and 4,5-diazafluorenone (DAF), can promote the reductive 
elimination by destabilizing Pd(II) intermediates via removing electron density from Pd 
center or by inducing Pd(IV) resonance structure via p-backbonding. These ligands 
successfully promoted the stoichiometric reductive elimination of π-allyl-Pd complex and 
acetate, but only DAF gave the success on Pd-catalyzed an allylic C–H acetoxylation, 
which is due to hemi-lability of DAF leading to various binding modes (bridging, 
chelating, and monodentate coordination).72 Through the mechanistic study, they 
suggested potential application in C–X coupling, which usually requires chemical oxidant, 
of Pd-catalyzed aerobic oxidation chemistry via ligand-tuning.  
 
 
Figure I.8 Examples of Pd-catalyzed aerobic oxidation reactions employing DMSO as solvent. The figure 
is reprinted with permission from reference 59. 
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While the Stahl group demonstrated aerobic oxidation chemistry via Pd(0)/Pd(II) 
oxidation cycle, Guin and co-worker reported a Pd-catalyzed aerobic C–H hydroxylation 
of 2-(pyridine-2-yl)phenols via Pd(II)/Pd(IV) using n-butyraldehyde.73 They proposed 
that the peroxy radical generated from aldehyde autoxidation oxidizes Pd(II) to afford 
Pd(IV) intermediate via a transient peroxo-Pd(III) compound, which leads to the reductive 
elimination of product and Pd catalyst. The aldehyde autoxidation-coupled transition 
metal catalyzed aerobic oxidation has also been studied in 1990s as Mukaiyama 
epoxidations, which are proceeded using various transition metal catalysts (e.g. 
metalloporphyrins) coupled to aldehyde autoxidation.74-82 Both the peracid intermediate 
of the aldehyde autoxidation and the reactive transition metal intermediates have been 
suggested as the responsible oxidant for the epoxidation from the mechanistic studies 
including stereochemistry study, DFT calculation, Hammett analysis, and kinetics 
measurement (Figure I.9).80-82 Similar epoxidation chemistry can also be achieved by 
aldehyde autoxidation in the absence of transition metal catalysts, which is suggested to 
be proceeding by acyl peroxy radical, although the reaction rate is much slower.83-86 
Additionally to Mukaiyama-type epoxidations, autoxidation chain reactions have been 
used in a ubiquitous process from a commodity scale production of phenol and 
terephthalic acid from cumene87 and p-xylene88 to a fine-chemical synthesis, such as 
acylation89, 90 and alkylation.91 However, due to the presence of the reactive radical 
intermediates generated in autoxidation chemistry, the application in the oxidative 
functionalization of substrates are limited to those with relatively robust functional groups.  
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Figure I.9 The proposed mechanism of Mukaiyama epoxidation. The figure is reprinted with permission 
from reference 81. 
 
I.3 Small-Molecular Activation Processes at Multimetallic Complexes 
Small-molecule conversions involving multielectron transfer processes enable the 
conversion of earth-abundant materials into valuable chemicals. Nature manage multi-
electron redox process efficiently under mild conditions by employing enzymes 
containing the multi-metallic complexes as active sites. As described above, O2 activation 
can be achieved at the diiron active sites in sMMO3, 11, 24, 25 or at the di- or tri-copper active 
sites.92 Nitrogen-fixing bacteria catalyze N2 reduction using polynuclear active sites in 
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nitrogenase enzymes. Nitrogenase consists of the FeMo protein containing Fe protein, 
which delivers electrons, and the FeMo cofactor as an active site of N2 reduction. Fe 
protein part contains a [4Fe-4S] cubane-cluster, which associates with MgATP, 
hydrolyzes two MgATP molecules to two Mg ADP molecules, and transfer a single 
electron to the FeMo protein which contains the P cluster ([8Fe-7S]) and the FeMo 
cofactor. The P cluster has a structure of two [4Fe-4S] cubanes bridged by one S atom, 
and it is also involved in the electron transfer to FeMo cofactor. The FeMo cofactor, which 
performs the binding and the reduction of N2, can be also described as two iron-sulfur 
cubanes bridged at the center C atom (Figure I.10a).93-95 Additionally, the photosynthesis 
system II (PSII) contains the oxygen evolving complex (OEC), which oxidizes water to 
produce oxygen and the reducing equivalent (electrons and protons) for the photosynthesis 
(Figure I.10b). The OEC is also a multi-metallic active site consisting of a cubane-like 
Mn4CaO5 cluster with six carboxylate ligands from amino-acid residue, one imidazole, 
and four water molecules (Figure I.10b).96 The prevailing proposed mechanism for these 
enzymes processing small molecule activation relies on a cooperative effect, in which the 
oxidation state changes are distributed over the multi-nuclear aggregate. In this context, 
synthetic chemists have been made a lot of effort to develop multinuclear transition metal 
complexes which can perform small molecular activation.  
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Figure I.10 (a) Nitrogenase components: Fe protein (also called dinitrogenase reductase including F cluster) 
and MoFe protein which provides the active site for N2 binding and reduction (FeMo-cofactor) and P cluster. 
(b) Oxygen-evolving complex (OEC) in photosystem II for water oxidation. The figure is reprinted with 
permission from references 94 and 96. 
 
There are two broad strategies that have been pursued for the for synthesis of multi-
metallic compounds: 1) Self-assembly of discrete monometallic precursors or 2) Careful 
design of multi-nucleating ligand. The various cubane-type transition metal sulfide 
clusters were synthesized through stepwise self-assembly method.97 Recently, a cubic 
[Mo3S4Ti] cluster and a planar [4Fe-3S] cluster have been synthesized via this approach 
and their N–N bond activation ability was tested using N2 and hydrazine, respectively.95, 
98 On the other hand, the latter strategy provides the control over the aggregation size and 
geometry although the design and synthesis of ligand scaffolds can be challenging. One 
of the first examples of ligand-templated multi-nuclear metal clusters is reported by Holm 
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and co-workers, the heterometallic [MFe3S4] (M= V, Mo, Fe) cubanes complexes, which 
mimics the nitrogenase cofactor [4Fe-4S] cluster, using a macrocyclic polyether trithiol. 
99, 100 Agapie et al. reported the synthesis of heterometallic manganese complexes using a 
multi-nucleating ligand, 1,3,5-triarylbenzene spacer incorporating six pyridine and three 
alcohol groups, as a biomimetic OEC complex. However, these biomimetic multinuclear 
complexes did not report the small molecular activation chemistry.101  
 
 
Figure I.11 (a) The multinucleating ligand and (b) a biomimetic OEC complex Mn3Ca complex using the 
multinucleating ligand in (a). The figure is reprinted with permission from reference 101. 
 
Recently, Betley and co-workers reported a hexadentate ligand platform 
comprising o-phenylenedianilide-based subunits and the synthesis of a series of trinuclear 
metal complexes for Cr, Mn, Fe, and Co.102-106 Their triiron complex showed the activation 
of N–N, N=N, and N–H bonds from amine-, azide-, hydrazine-, and azo- compounds, 
which supports cooperative multielectron reduction of small molecules (Figure I.12).103, 
104 Inspired by binuclear cryptates, Murray’s group reported the synthesis of cyclophane-
based trinucleating macrobicyclic ligands and a series of trinuclear complexes (M3LEt/Me) 
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for Cu, Fe, and Zn.107-111 From the synthesis of tricopper(I) complexes, they found N2 can 
bind at the open coordination sites of tricopper(I) center, which can be exchanged upon 
the addition of any O-atom transfer reagent (N2O, Me3NO, or PhIO), S8, and Se to form 
Cu3ELEt/Me (E=O, S, Se; Figure I.13a).107 In contrast, the triiron(II) complexes, 
Fe3Br3LEt/Me activate a net 1.5 N2 per a triiron complex upon reduction by KC8 to afford 
a tri(m-amido/imido)triiron product (Figure I.13b).108 They further tested the catalytic 
silylation of N2 by a series of triiron cyclophanates by varying bridging ligands and iron 
oxidation states (Figure I.13c).109 
 
 
Figure I.12 The reactions of Betley’s triiron complex. The figure is reprinted with permission from 
reference 104. 
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Figure I.13 (a) Reaction scheme of tricopper(I) compound Cu3ELEt/Me. (b) Dinitrogen cleavage upon 
chemical reduction of a triiron compound Fe3Br3LEt/Me. (c) Silylation of dinitrogen with a generic Fe3XY2L 
complex. The figure is reprinted with permission from references 107, 110, and 109. 
 
In 2016, Masaoka et al. suggested that two conditions are required for the 
development of efficient small molecule activation catalysts: (1) the multi-nuclear 
complex should contain redox-active metals centers which have strong electronic 
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interactions for the rapid transfer of multiple electrons (Figure I.14a), and (2) the 
neighboring substrate-activation site should exist to facilitate the electron transfer and the 
bond cleavage/formation of covalent bonds (Figure I.14b).112-115 Based on their hypothesis 
they synthesized a series of pentanuclear transition metal complexes (M5, M = Mn, Fe, 
Co, and Zn) using 3,5-bis(2-pyridyl)pyrazole (Hbpp). Each complex consists of five metal 
ions and six ligands in quasi-D3 symmetry consisting of a [M3(µ3-X)] core wrapped by 
two [M(µ-bpp)3] units. Two metal ions at the apical positions are hexacoordinate with 
distorted octahedral geometry, whereas three metal ions in the triangular core are 
pentacoordinate with distorted trigonal bipyramidal geometry. This structure fulfills the 
aforementioned requirements of multinuclear core of redox active metals and neighboring 
substrate activation sites (Figure I.14c). Thus, they investigated the water oxidation 
chemistry with their pentairon complex Fe5(BF4)3 in a controlled potential electrolysis 
condition. they achieved the efficient water oxidation chemistry with a faradaic efficiency 
of 96%, a turnover frequency (TOF) of 1900 s−1, which is almost 1000 times greater than 
the TOFs of reported mono- or binuclear-iron-based catalysts (∼2.2 s−1)116-121 and 
significantly larger than that of the OEC (100−400 s−1).112  
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Figure I.14 Conceptual scheme of the two requirements for developing small molecule activation catalysts.  
(a) Multinuclear structure for rapid electron transfer and (b) neighboring substrate-activation sites. (c) 
Structure and feature of the pentanuclear scaffolds composed of five metal ions and six bpp– ligands.  The 
figure is reprinted with permission from reference 115. 
 
Further, the overpotential (h) was lowered by using functionalized ligand at 4-
position of Hbpp (Me-Hbpp and Br-Hbpp). Fe5-Me possesses the lower onset potential of 
catalytic water oxidation to Eonset = 1.09 V at pH = 5.0 (h = 0.65 V) by shifting the redox 
waves to more negative potential due to electron donating methyl groups. In contrast, Fe5-
Br lowers Eonset via changing the reaction mechanism, which was studied by 
electrochemical measurements, 57Fe Mössbauer spectroscopy, and UV-vis 
spectoelectrocchemical measurement (Figure I.15).113 For the compounds Fe5 and Fe5-Me, 
the initial oxidation states is two apical Fe(II) and a triangular core with [FeII2FeIII(µ3-O)] 
at the equatorial position (S0) (Figure I.15a). Upon the initial 1e– oxidation of S0 state, an 
Fe(II) ion in the triangular core is oxidized to form the S1 state. The second oxidation is 
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coupled with intramolecular electron transfer, resulting in two apical iron(III) and a 
[FeII2FeIII(µ3-O)] (S2). The subsequent oxidations at the triangular core leads to five Fe(III) 
ions (S4), which undergoes a water oxidation and O2 evolution. On the contrary to Fe5-Me, 
the oxidation of S2 of Fe5-Br (two apical Fe(III) and [FeII2FeIII(µ3-O)]) is again coupled to 
intramolecular electron transfer, generating a [FeIII3(µ3-O)] triangular core with apical 
Fe2(II,III) ions, which react with water to trigger the catalysis (Figure I.15b). Further, they 
showed the electrocatalytic reduction of CO2 to CO using Co5 compound,114 which 
indicates the multi-electron redox process can be processed in pentanuclear scaffolds and 
it can be precisely manipulated by tuning metal ions or ligands. These examples suggest 
that well-designed multinuclear transition metal complexes are a competent molecular 
platform for small molecule activation chemistry. 
 
 
Figure I.15 Proposed catalytic cycle for (a) Fe5 and Fe5-Me and (b) Fe5-Br. The figure is reprinted with 
permission from reference 115. 
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I.4 Conclusions 
Oxidative functionalization of C–H bond is one of the principal transformations in 
organic chemistry, which leads to increased chemical complexity. The development of 
sustainable oxidation methods is a fundamental challenge in synthetic chemistry. The 
utilization of small molecules in organic synthesis is an attractive way to achieve the 
sustainable C–H functionalization due to their availability and energy stored in their 
bonds. These small molecule activations widely exist in Biology. Understanding the 
structure of active sites and their mechanism would inspire us to develop tools to translate 
these processes into the laboratory. This chapter reviewed selected biological and 
synthetic examples of small molecule activation chemistry. In the first part, the structure 
of active sites in enzymes, their mechanism of substrate functionalization, and the 
synthetic aerobic oxidation chemistry were described. The other part focused on the 
structure of the active sites of the enzymes performing small molecule activations, such 
as N2 reduction and water oxidation. 
The research in this thesis was predicated on the small molecule activation in 
synthesis, specifically the utilization of O2 in C–H functionalization, and the synthesis of 
the multinuclear transition metal complexes as a platform for the small molecule 
activation. The challenge of C–H functionalization using O2 was the development of 
aerobic oxidase catalysis which can functionalize a wide range of substrates. To achieve 
this goal, the understanding the developed aerobic oxidase catalysis was necessary. Thus, 
the development of aerobic oxidation catalysis via hypervalent iodine intermediate and 
the mechanistic study of the developed aerobic oxidase system will be described in the 
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chapter II and III. The challenges of synthesis of multi-metallic complexes were designing 
the multi-nucleating ligands and synthesizing and modifying metal components of 
multimetallic complexes in a controlled way. The chapter IV describes a new ligand 
system which generates trinuclear complexes and a new synthetic route to generate 
heterometallic trinuclear complexes.  
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CHAPTER II  
MECHANISTIC AND SYNTHETIC STUDIES OF AEROBIC HYPERVALENT 
IODINE(III) CHEMISTRY* 
 
II.1 Introduction 
Oxidation reactions are important in organic chemistry because they provide 
mechanisms to increase chemical complexity by incorporating heteroatoms or 
unsaturation into carbon-based molecules. The development of sustainable methods is a 
fundamental challenge in organic oxidation chemistry.122 Using O2 as a terminal oxidant 
is an attractive approach since O2 is a readily available, environmentally benign, 
thermodynamically strong oxidant. Radical chain autoxidation—the spontaneous 
oxidation of organic compounds upon exposure to O2—is a ubiquitous process in organic 
chemistry that can affect most organic functional groups.123-126 Autoxidation chain 
reactions arise from spin conservative reactions of the triplet ground state of O2 (i.e. 3O2) 
with singlet organic molecules (Figure II.1a). Aldehyde autoxidation chemistry, which 
converts aldehydes to carboxylic acids under the action of O2, is among the earliest 
reactions of O2 with organic molecules to be characterized.127 In 1832, Wöhler and Liebig 
reported the autoxidation of benzaldehyde to benzoic acid.128 Bäckström advanced the 
                                               
* Data, figures, and text in this chapter were adapted with permission from Maity, A.; Hyun, S.-M.; Powers, 
D. C. Nat. Chem. 2018, 10, 200–204, Copyright © 2017 Nature Publishing Group, and Hyun, S.-M.; Yuan, 
M.; Maity, A.; Gutierrez, O.; Powers, D. C. Chem 2019, 5, 2388–2404, Copyright © 2019 Elsevier Inc. 
Maity, A.; Cardenal, A. D.; Gao, W.-Y.; Ashirov, R.; Hyun, S.-M.; Powers, D. C. Inorg. Chem. 2019, 58, 
10543–10553, Copyright © 2019, American Chemical Society. 
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now-accepted radical chain mechanism for aldehyde autoxidation in 1927 (Figure II.1b), 
which involves hydrogen-atom abstraction (HAA) from aldehyde A to generate acyl 
radical B, reaction of B with O2 to generate acyl peroxy radical C, and HAA to generate 
an equivalent of peracid D and the acyl radical chain carrier B.129 Subsequent Baeyer–
Villiger reaction via intermediate E generates two equivalents of acid F. In addition to the 
radical-chain process, dimerization of peroxy radical C generates 1O2 and two equivalents 
of acetoxy radical G via the fragmentation of a transient tetroxide intermediate (i.e., 
Russell termination).130-134 Dimerization of acetoxy radicals G generates diacetyl peroxide 
H.135 Methyl radical I can arise by decarboxylation of G or by decarbonylation of B.80, 135 
The synthetic utility of autoxidation intermediates in reaction development has 
been realized. On commodity scale, autoxidation of cumene and p-xylene produce 
phenol87 and terephthalic acid,88 respectively (Figure II.1c). In fine-chemical synthesis, 
acyl radical intermediates generated during aldehyde autoxidation have been diverted 
towards olefin addition chemistry,89, 90 alkyl radical intermediates generated by 
decarbonylation of acyl radicals have been harnessed for alkylation of N-heterocycle,91 
and peroxy radicals and peroxide intermediates have been diverted towards oxygen-atom 
transfer (OAT) chemistry to olefins (i.e., Mukaiyama reaction)74-82 and to transition metal 
complexes (Figure II.1d).73, 136, 137 While these examples highlight the potential of 
autoxidation in specific synthetic applications, reliance on only those reactive 
intermediates generated in autoxidation chemistry substantially limits the diversity of 
substrate functionalization reactions that can be coupled to O2. 
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Figure II.1 Radical-chain autoxidation in synthesis. (a) Autoxidation reactions proceed via peroxy radical 
and hydroperoxide intermediates. (b) The manifold of reaction chemistry that is available during the 
autoxidation of acetaldehyde. Reactive intermediates in aldehyde autoxidation have been redirected in order 
to accomplish (c) Autoxidation chemistry is utilized on commodity scale to produce phenol, acetone, and 
terephthalic acid. (d) Application in fine chemical synthesis; olefin addition chemistry, alkylation reactions, 
oxygen-atom transfer (OAT), and transition-metal-catalyzed hydroxylation. 
 
Motivated by the desire to couple diverse substrate oxidation mechanisms to the 
reduction of O2, a wide variety of aerobic oxidation methods have been developed. Among 
the most well-developed is Pd oxidase chemistry, in which the diverse substrate 
functionalization mechanisms available to Pd(II) are coupled to aerobic re-oxidation of 
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Pd(0) intermediates in catalysis.6, 55-59 Pd oxidase chemistry has been leveraged for a wide 
variety of substrate functionalization reactions — alcohol39-41 and olefin oxidation, Aza-
Wacker chemistry,42 arene oxidation,44, 45 oxidative Heck reactions,46-50 and allylic 
oxidation51, 52 — however, from a mechanistic perspective, available methods are limited 
to those which can be achieved by low-valent Pd catalysis (i.e., Pd(0)/Pd(II) cycles). 
General strategies that access to high oxidation state catalytic cycles with O2 are largely 
unavailable.117, 138-142 
In the absence of aerobically generated two-electron oxidants capable of mediating 
substrate functionalization chemistry via high-valent intermediates, an array of designer 
synthetic oxidants has been developed. Hypervalent iodine compounds have emerged as 
a particularly useful class of reagents that find application in mechanistically diverse 
oxidation reactions including a-oxidation of carbonyl compounds, alcohol and amine 
dehydrogenations, oxidative dearomatization chemistry, olefin functionalization, group 
transfer chemistry, and transition metal catalysis.143-149 The utility of these reagents 
derives from (1) the substantial reduction potential of many of these reagents, (2) the often-
observed two-electron oxidation-reduction chemistry,150-160 and (3) the facility of ligand 
exchange reactions at hypervalent iodine centers. Drawbacks of hypervalent iodine 
reagents include common requirement for (super)stoichiometric loading of these reagents 
and the generation of substantial chemical waste, during both preparation and utilization 
of these species. If aerobic hypervalent iodine chemistry were realized as a general 
platform, it would be complementary to existing methodologies by providing entry to high 
oxidation state catalytic cycles with O2. 
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Figure II.2 Application of aerobic oxidation chemistry to the synthesis of a family of hypervalent 
iodine reagents. Aerobic oxidation of aryl iodides provides access to a family of hypervalent iodine reagents 
that have been demonstrated to be useful oxidants in synthetic chemistry. aReaction solvent in these 
oxidation reactions was 1,2-dichloroethane (DCE). bFor this substrate, dimerization affords (4-
CF3C6H4I(OAc))2O). 
 
Motivated by the utility of hypervalent iodine reagents in synthetic chemistry, we 
developed methods to prepare these reagents by intercepting reactive intermediates in 
aldehyde autoxidation (Figure II.2). Based on the frequency with which peracids are used 
in the synthesis of hypervalent iodine reagents,161-165 our initial investigations were 
predicated on the hypothesis that aerobically generated peracetic acid D could be diverted 
towards the oxidation of PhI.  
Here, we describe a detailed experimental and theoretical investigation of 
aldehyde-promoted oxidation of aryl iodides and the application of aerobically generated 
I(III) compounds in C–H functionalization. A combination of in situ spectroscopy, kinetic 
studies, and computational investigations support a mechanism in which aldehyde-
promoted aerobic oxidation of aryl iodides proceeds via one-electron oxidation at iodine 
to generate iodanyl radicals, which subsequently generate the observed I(III) products via 
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a radical chain mechanism. The results of these studies provide evidence for the critical 
role of single-electron chemistry and open-shell intermediates in hypervalent iodine 
chemistry, and substantially enriches the mechanistic landscape available for the synthesis 
of these important reagents. Then, we demonstrated the utility of aerobic oxidation of aryl 
iodides in catalysis to functionalize a variety of substrate classes. 
 
II.2 Result and Discussion 
Aldehyde-promoted aerobic oxidation of aryl iodides was developed based on the 
hypothesis that strongly oxidizing intermediates in aldehyde autoxidation chemistry could 
be coopted for the oxidation of aryl iodides. Consistent with this hypothesis, the use of 
reaction solvents with relatively weak C–H bonds (that is, THF) or the addition of 2,6-di-
tert-butyl-4-methylphenol (BHT), a common radical inhibitor, suppressed the formation 
of hypervalent iodine products.  
To further probe the mechanism of PhI oxidation, we followed the kinetics of PhI 
consumption and PhI(OAc)2 evolution by 1H NMR spectroscopy in CDCl3 (Figures II.3a–
b). In the absence of CoCl2·6H2O, an induction period is observed and evolution of 
PhI(OAc)2 displays sigmoidal growth consistent with a radical chain process. In the 
presence of CoCl2·6H2O, PhI(OAc)2 evolution still displays sigmoidal growth, but the 
induction period for PhI oxidation to PhI(OAc)2 is substantially shortened, which is 
consistent with more rapid initiation of a radical chain process. Similar kinetic profiles 
were measured for the oxidation of PhI in AcOH-d4 in presence of CoCl2·6H2O, but no 
oxidation was observed without CoCl2·6H2O initiator (Figure II.3c–d). The oxidation of 
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4-iodotoluene in CDCl3 shows a similar kinetic profile to PhI oxidation, but requires 
longer reaction times. In the case of 4-iodotoluene, I(V) compounds are ultimately 
generated and precipitate out of the reaction mixture, resulting in the decrease of I(III) 
product (Figure II.4). The aerobic chemistry of I(V) compounds will be discussed in 
Chapter III.  
 
 
Figure II.3 Kinetics of aerobic oxidation of PhI. Monitoring the kinetics of consumption of PhI (´) and 
evolution of PhI(OAc)2 (+) by 1H NMR in CDCl3 (a) in the presence, (b) or absence  of Co2Cl2·6H2O, added 
as a radical initiator. (c) The same oxidation was observed in AcOH-d4 in the presence Co2Cl2·6H2O, but 
(d) no oxidation of PhI was observed in AcOH-d4 in absence of Co2Cl2·6H2O. At intermediate times during 
PhI oxidation, peroxo intermediate E ( ) is observed which confirms that autoxidation is operative during 
aryl iodide oxidation. 
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Figure II.4 Kinetics of aerobic oxidation of 4-iodotoluene. Monitoring the kinetics of consumption of ArI 
(´) and evolution of ArI(OAc)2 (+), and peroxo intermediate E ( ) by 1H NMR in CDCl3 (a) in the presence, 
(b) or absence  of Co2Cl2·6H2O, added as a radical initiator. The same trend as PhI oxidation was observed. 
 
II.2.1 Identification of Potential Oxidants 
A number of the species illustrated in Figure II.1.b — oxygen-centered radicals C 
and G, peroxides E and H, and peracetic acid — are potential oxidants of aryl iodides 
during aldehyde-promoted aerobic oxidation.  
During 1H NMR experiments (Figure II.3–4), we did not observe 1H NMR 
resonances of peracetic acid, but we did note the initial evolution and subsequent 
disappearance of a quartet at 5.41 ppm, a singlet at 2.01 ppm and a doublet at 1.35 ppm, 
which integrate in a 1:3:3 ratio (Figure II.5). We attribute these signals to the Baeyer-
Villiger peroxide E. Consistent with this assignment, high-resolution mass spectrometry 
(HR-MS) of the oxidation reaction reveals the presence of a signal at m/z = 143.0318 
([M+Na]+ for E) (Figure II.6). Intermediate E is also observed when PhI oxidation is 
carried out in AcOH-d4. Observation of E, which is the adduct of a molecule of aerobically 
generated AcOOH and a molecule of CH3CHO, confirms that aldehyde autoxidation is 
operative during aerobic oxidation of aryl iodides. The peroxide E also can be prepared 
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by addition of a commercially available solution of peracetic acid to acetaldehyde, which 
is slowly converted to acetic acid over 24 h via Baeyer-Villiger reaction,166 along with 1-
hydroperoxyethan-1-ol, the adduct of H2O2 and acetaldehyde (Figure II.7). Using this 
mixture, magnetization transfer experiments were performed, which demonstrate that the 
peroxide E is in equilibrium with acetaldehyde and peracetic acid on rapidly relative to 
PhI oxidation (Figure II.8). 
 
 
Figure II.5 1H NMR spectrum collected during aerobic oxidation of PhI with the peaks attributable to 
peroxo E highlighted in red. The highlighted peaks are coincident with a spectrum obtained by combining 
AcOOH with CH3CHO. 
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Figure II.6 Mass spectrometry analysis of (a) the reaction mixture of CH3CHO, CoCl2·6H2O, and O2 and 
(b) the reaction mixture of CH3CHO, PhI, CoCl2·6H2O, and O2. The presence of Baeyer-Villiger 
intermediate E is evident in both analyses. 
 
 
Figure II.7 Top: Concentration of peroxo E (highlighted in red), and AcOH (highlighted in blue) as a 
function of time in CDCl3 at 23 °C. Bottom: Stacked 1H NMR spectra of conversion of peroxo E (highlighted 
in red) to AcOH (highlighted in blue) measured over 24 h. 
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Figure II.8 1H NMR plots of a magnetization transfer experiment that demonstrates that acetaldehyde and 
intermediate E are in rapid equilibrium on the NMR time scale. Top: Irradiation of the methine signal of 
compound E (resonance at 5.41 ppm) results in selective enhancement of the aldehydic proton signal of 
acetaldehyde (9.72 ppm). Bottom: Irradiation of the aldehydic signal of acetaldehyde (resonance at 9.72 
ppm) results in selective enhancement of the methine proton signal of compound E (5.41 ppm). 
 
To evaluate the presence of open-shell intermediates during the aerobic oxidation 
of PhI, we have carried out a series of EPR measurements using N-tert-butyl-a-
phenylnitrone (PBN, II.1), as a radical spin trap (Figure II.9).167 Figure II.9a illustrates the 
X-band EPR spectrum obtained following addition of PBN to the reaction mixture of PhI, 
acetaldehyde, O2, and CoCl2. The spectrum can be fit as the admixture of a triplet of 
doublets (aH = 2.14 G, aN = 14.06 G) and a triplet (aN = 7.86 G). The triplet of doublets is 
attributed to PBN-trapped acetoxy radical (II.2a; Figure II.9b)168, 169 and the triplet is 
attributed to a radical arising from single-electron oxidation of PBN (II.3, Figure II.9c).170 
 
 38 
The formation of PBN-trapped acetoxy radical II.2a was confirmed by electrospray 
ionization-mass spectrometry (ESI-MS) analysis (m/z = 258.1100, [M+Na]+; Figure 
II.9d). Addition of PBN to the acetaldehyde-promoted oxidation of PhI in 1,2-
dichloroethane (DCE) and CH2Cl2 also displays spectral features arising from compounds 
II.2a and II.3 (Figure II.10). 
 
 
Figure II.9 Spin-trapped EPR spectroscopy and mass spectrometry of open-shell oxidants. (a) X-band 
EPR spectrum obtained following addition of PBN (II.1) to the oxidation of PhI in AcOH; experimental 
data (black trace), fitting (red trace). The obtained spectrum displays features of both II.2a and II.3. (b) 
Simulated spectrum of acetoxy radical adduct II.2a. (c) Simulated spectrum of one-electron oxidation 
product II.3. (d) ESI-MS analysis of the solution resulting from PBN addition to a reaction mixture of PhI, 
CoCl2·6H2O, acetaldehyde, and O2 in CH2Cl2. The indicated mass is well-matched with the mass expected 
for [II.2b+Na]+. 
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Figure II.10 EPR spectrum obtained at 23 °C for aerobic oxidation of iodobenzene (black, experimental; 
red, simulated) in presence of acetaldehyde with (a) DCE and (b) CH2Cl2 as solvent. The observed triplet is 
attributed to oxidized PBN (II.3) with (a) aN = 7.92G and (b) aN = 7.91G, and the doublet of triplet is 
attributed to PBN-trapped acetoxy radical (II.2a) with (a) aH = 1.52 G; aN = 13.31 G and (b) aH = 1.59 G; 
aN = 13.36 G, respectively. The obtained values are in good agreement with those reported in the literature 
(II.2a: aH = 1.40 G ,aN = 13.40 G, and II.3: aN = 7.96 G).168-170  
 
The presence of open-shell intermediates was further implicated by analysis of the 
headspace of a reaction in which PhI is oxidized under the dual action of acetaldehyde and 
O2, which revealed that in addition to acetaldehyde, trace CO2 and CO were observed 
(Figure II.11). These observations implicate the generation of acyl radical intermediates 
during aldehyde autoxidation. Similar headspace analysis for a reaction in which PhI is 
oxidized under the dual action of pivaldehyde and O2 resulted in the observation of a 
substantial quantity of CO, along with a small amount of CO2. These observations 
implicate the generation of acyl radical intermediates during aldehyde autoxidation. The 
greater quantity of CO observed using pivaldehyde than acetaldehyde is consistent with 
the relative rates of decarbonylation of pivalyl and acetyl radicals (Decarbonylation rate 
log(k(tBuCO·)/k(CH3CO·)) ~ 4.7).171, 172 
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Figure II.11 Gas chromatography analysis of (a) CH3CHO in DCE purged by N2, and the atmosphere after 
the reaction of PhI with (b) CH3CHO, (c) tBuCHO, and (d) nPrCHO. After headspace analysis, PhI oxidation 
conversion was calculated by crude 1H NMR spectra; (b) 87%, (c) 65%, and (d) 81%. 
 
II.2.2 Evaluation of Potential Closed-Shell Oxidants 
We have pursued the following experiments to evaluate the chemical competence 
of peracetic acid, Baeyer-Villiger peroxide E, diacetyl peroxide H, and Co(OAc)3 as 
primary oxidants in the aldehyde-promoted aerobic oxidation of aryl iodides.  
Peracetic Acid. Peracetic acid D is often employed as the terminal oxidant in the 
synthesis of hypervalent iodine reagents. In our hands, treatment of PhI with a 
commercially obtained 32 wt% peracetic acid (5 equiv) in AcOH affords PhI(OAc)2 in 
92% yield, which confirms the chemical competence of peracetic acid as an oxidant of 
PhI. In situ monitoring of the reaction between PhI and peracetic acid in AcOH by 1H 
NMR revealed the presence of two distinct kinetic phases: at early reaction times no aryl 
iodide oxidation is observed; after approximately two hours, rapid oxidation of PhI to 
PhI(OAc)2 proceeds (Figure II.12a). The length of the initial kinetic phase was observed 
to be highly reproducible. The observation of two-phase kinetic behavior suggested the 
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provocative possibility that peracetic acid D is not a kinetically competent oxidant for PhI 
and thus we pursued a series of experiments to interrogate this possibility. 
 
 
Figure II.12 (a) Kinetics of aerobic oxidation of PhI by 32 wt% AcOOH solution in AcOH-d4 with varying 
amount of Co(OAc)2 as H2O2 reduction catalyst. (b) Gas chromatography analysis (TCD detector) of (i) N2, 
(ii) O2, the headspace gas from (iii) the reaction mixture of PhI (0.100 mmol) and AcOOH (1.00 mmol) in 
MeCN as solvent, (iv) the reaction mixture of AcOOH (1.00 mmol) in MeCN as solvent, and (v) MeCN. 
All solutions were purged with N2 for 10 min before mixing. 
 
 
Figure II.13 Stacked 1H NMR spectra obtained from (a) PhI(OAc)2 in AcOH-d4, and (b) after adding H2O2. 
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Figure II.14 Trapping 1O2 with 9,10-dimethylanthracene. (a) 1O2 trapping during reduction of PhI(OAc) 
with H2O2. (b) 1O2 trapping during initial kinetic phase in PhI oxidation by AcOOH. 
 
We observed the evolution of gas during the initial kinetic phase pictured in Figure 
II.11, and analysis of the reaction headspace by gas chromatography indicated that the 
evolved gas was O2 (Figure II.12b). Based on reports that PhI(TFA)2 reacts with H2O2 to 
produce PhI and 1O2 (TFA = trifluoroacetate),173, 174 we hypothesized that the initial kinetic 
phase in which no PhI(OAc)2 is observed may be due to rapid reduction of initially formed 
PhI(OAc)2 by the H2O2 that is present in commercially available peracetic acid solutions. 
Consistent with this hypothesis, treatment of PhI(OAc)2 with H2O2 results in reduction to 
PhI and the concurrent evolution of O2 (Figure II.13). Addition of 9,10-
dimethylanthracene (II.4), a commonly used chemical trap for 1O2, to a mixture of 
PhI(OAc)2 and H2O2 results in the formation of 9,10-dimethyl-4a,9,9a,10-tetrahydro-9,10-
epidioxyanthracene (II.5), the product of 1O2 trapping (Figure II.14a). Similarly, addition 
of II.4 to a reaction mixture of PhI and peracetic acid also results in the evolution of II.5 
(Figure II.14b). Together, these data suggest that peracetic acid is a competent oxidant 
towards PhI and that H2O2 is a reductant towards PhI(OAc)2. The observed two-phase 
kinetic behavior arises from simultaneous oxidation of PhI by peracetic acid and reduction 
of PhI(OAc)2 by H2O2; only after complete consumption of H2O2 is the oxidation of PhI 
to PhI(OAc)2 observed. Consistent with this hypothesis, the addition of either H2O2 or 
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H2O, which liberated H2O2 upon reaction with peracetic acid, resulted in extended initial 
kinetic phase (Figures II.15). In situ 1H NMR analysis in CDCl3 – biphasic reaction 
conditions – reveals the almost complete absence of an initial kinetic phase (Figure II.16), 
consistent with the H2O2 being sequestered in the aqueous phase and not available to 
participate in reduction chemistry. 
 
 
Figure II.15 Kinetics of PhI oxidation by 32 wt% AcOOH (+) with additional loading of (a) H2O2; 0.14 
mmol (´) and 0.21 mmol (*), and (b) H2O; 0.071 mmol (´) and 0.21 mmol (*) in AcOH-d4 at 23 °C. 
 
 
Figure II.16 Kinetics of PhI oxidation by 32 wt% AcOOH in CDCl3 at 23 °C. Monitoring the kinetics 
of consumption of ArI (´) and evolution of ArI(OAc)2 (+). H2O2 in AcOOH solution was separated from 
organic solution into aqueous phase, resulting in no initial kinetic phase. 
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Baeyer-Villiger Peroxides. The peroxide E was prepared by addition of a 
commercially available solution of peracetic acid to acetaldehyde. Exposure of PhI to 
reaction mixtures containing peroxide E resulted in no PhI(OAc)2 after 13 h (Figure II.17), 
which indicates that peroxide E is not a competent oxidant of PhI.  
 
 
Figure II.17 Stacked 1H NMR spectra (AcOH-d4) obtained from the mixture of PhI with peroxo E. (a) The 
spectrum before adding AcOOH and CH3CHO, (b) the spectrum 5 min after adding AcOOH and CH3CHO, 
and (c) the spectrum after 13 h. 
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Diacetyl Peroxide. Diacetyl peroxide is potentially generated during acetaldehyde 
autoxidation by dimerization of acetoxy radicals.135 Treatment of PhI with independently 
synthesized diacetyl peroxide175 H in AcOH-d4 at 23 °C resulted in no reaction as 
ascertained by 1H NMR analysis for 17 h (Figures II.18–20). A potassium iodide (KI) test 
confirmed presence of peroxide after the reaction. 
 
 
Figure II.18 Stacked 1H NMR spectra (AcOH-d4) obtained from the mixture of PhI with diacetyl peroxide 
H. (a) The spectrum before adding diacetyl peroxide H, (b) the spectrum 5 min after adding diacetyl peroxide 
H, and (c) the spectrum after 17 h. 
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Figure II.19 Stacked 1H NMR spectra (AcOH-d4) obtained from the mixture of PhI with diacetyl peroxide 
H in presence of Co(OAc)2·4H2O. (a) The spectrum before adding diacetyl peroxide H, (b) the spectrum 5 
min after adding diacetyl peroxide H, and (c) the spectrum after 3 h. 
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Figure II.20 Stacked 1H NMR spectra obtained from the mixture of PhI with diacetyl peroxide in presence 
of Co(III) which was formed by mixing Co(OAc)2·4H2O and AcOOH. (a) The spectrum 2 min after adding 
AcOOH to the sample from Figure II.19, and (b) the spectrum 13 h after. 
 
Co(OAc)3. To ensure consistent initiation of aldehyde autoxidation,176, 177 Co(II) 
salts are included in the optimized conditions for aldehyde-promoted PhI. In addition to 
functioning as an autoxidation initiator, Co(III) species can oxidize peracids to generate 
peroxy radicals (i.e., oxidation of D to generate C) and Co(II) species are readily oxidized 
to Co(III) by peracids (i.e., D).178 One might also envision direct oxidation of PhI by 
Co(III).178, 179 The following lines of experimental evidence suggest that Co-based 
additives are not intimately involved in the oxidation of PhI: (1) Co-based promoters are 
not necessary for aldehyde-promoted aerobic oxidation of aryl iodide. Removal of these 
additives from aerobic oxidation reactions results in variable initiation time but a high 
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yield of PhI(OAc)2 can still be obtained (Figure II.21a).180 (2) Comparison of the 
concentration versus time plots for aerobic oxidation with and without Co(II) (1 mol% 
CoCl2·6H2O; Figure II.21b) reveals that while the length of time that is required for 
initiation depends intimately on the presence of Co(II), once oxidation commences the 
presence of Co initiators does not impact the kinetics of oxidation. (3) Exposure of PhI to 
an AcOH solution of Co(OAc)3178, which is the product of aerobic oxidation of Co(II) in 
AcOH (Figure II.22), did not result in the observation of any PhI(OAc)2 (Figure II.23). 
 
 
Figure II.21 (a) Mol fraction of PhI(OAc)2 in CDCl3 at 23 °C in the presence of CoCl2·6H2O (1 mol%) (+) 
and in the absence of an initiator (´). (b) Overlay of the plots in Figure II.21a with the induction period 
removed, which shows that after oxidation commences, the kinetic profile with and without Co(II) additives 
(1 mol%) are similar. 
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Figure II.22 UV-vis spectra of Co(III) salts. Co(OAc)3 prepared by Co(OAc)2·4H2O + AcOOH is in black 
(¾), Co(III) salt prepared by CoCl2·6H2O + AcOOH is in red (¾), and Co(III) product in aerobic oxidation 
condition (CoCl2·6H2O + PhI + CH3CHO + O2) is in blue (¾). 
 
 
Figure II.23 Stacked 1H NMR spectra (AcOH-d4) obtained from the mixture of PhI with Co(OAc)3 which 
was formed by mixing Co(OAc)2·4H2O and AcOOH. 
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II.2.3 Hammett Analysis  
To probe the nature of the kinetically relevant oxidants responsible for aldehyde-
promoted aerobic oxidation of aryl iodides, we have evaluated the impact of aryl iodide 
substitution on the rate of aryl iodide oxidation for both aldehyde-promoted aerobic 
oxidation and peracetic acid mediated protocols. Due to the presence of a kinetic induction 
period during aldehyde-promoted aerobic oxidation of aryl iodides, the impact of the 
substituents on the kinetic induction period was checked first (Figure II.24). The induction 
period of 4-iodobenzotrifluoride was much longer than that of 4-iodotoluene when they 
are aerobically oxidized separately. However, the oxidation of 4-iodobenzotrifluoride can 
be induced by the oxidation of 4-iodotoluene when they are aerobically oxidized as 1:1 or 
5:1 mixtures (Figure II.25). Thus, initial rate data was obtained with a series of competition 
experiments in which pairs of aryl iodides were exposed to aldehyde-promoted aerobic 
oxidation conditions (Figure II.26 and Tables II.1–2).181  
 
 
Figure II.24 The impact of the substituent on the kinetic induction period. (a) Mol fraction of 4-
iodotoluene (´), (diacetoxy-4-iodo)toluene (+), and peroxo E ( ) as a function of time for oxidation of 4-
iodotoluene in CDCl3 at 23 °C in the presence of CoCl2·6H2O (1 mol%). (b) Mol fraction of 4-
iodobenzotrifluoride (´), (diacetoxy-4-iodo)benzotrifluoride (+), and peroxo E ( ) as a function of time for 
oxidation of 4-iodotoluene in CDCl3 at 23 °C in the presence of CoCl2·6H2O (1 mol%). 
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Figure II.25 Synchronized kinetic induction period in mixture of ArI. Mol fraction of 4-iodotoluene (´), 
(diacetoxyl-4-iodo)toluene (+), 4-iodobenzotrifluoride (´), and (diacetoxyl-4-iodo)benzotrifluoride (+) as a 
function of time for oxidation of (a) 1:1 and (b) 1:5 mixture of 4-iodotoluene and 4-iodobenzotrifluoride in 
CDCl3 at 23 °C in the presence of CoCl2·6H2O (1 mol%). 
 
Each competition reaction was carried out in triplicate. The resulting data for 
aldehyde-promoted oxidation of aryl iodides is well-correlated with s+ parameters (r = –
0.51, R2 = 0.98; Figure II.26b) and less-well correlated with s parameters (R2 = 0.93; 
Figure II.26a). In contrast, the kinetics of PhI oxidation by peracetic acid in Figure II.27, 
which displays the initial rate data for peracetic acid oxidation of aryl iodides, is well-
correlated with both s parameters (r = –2.10, R2 = 0.93; Figure II.28a, and Tables II.3–4 
for raw data) and is less-well correlated with s+ parameters (R2 = 0.85; Figure II.28b).182 
The significantly different slopes of the Hammett plots indicate that aldehyde-promoted 
aerobic oxidation and peracid-mediated oxidation do not proceed via the same rate-
determining transition state.  
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Table II.1 Summary of the competitive oxidation of two different aryl iodides. The conversion was 
calculated from the ratio of the ArI and the ArI(OAc)2. 
ArI Reactant Pairs Conversion (%) 1st 2nd 3rd 
Arp-MeI : Arp-CF3I 34% : 13% 21% : 7% 15% : 4% 
Arp-OMeI : Arp-CF3I 22% : 4% 28% : 5% 20% : 4% 
Arp-OMeI : Arp-FI 22% : 20% 36% : 32% 18% : 16% 
PhI : Arp-FI 13% : 5% 34% : 14% 25% : 11% 
Arp-MeI : PhI 15% : 12% 25% : 19% 13% : 11% 
Arp-MeI : Arp-ClI 11% : 7% 14% : 9% 15% : 9% 
 
 
Table II.2 Calculated log(kR/kH). (Sigma values obtained from reference 183).  
Substituent s  s+  log(kR/kH) 1st 2nd 3rd 
p-CF3 0.54 0.61 –0.398 –0.405 –0.332 
p-Cl 0.227 0.11 –0.109 –0.122 –0.083 
p-F 0.062 –0.07 –0.037 –0.044 –0.049 
p-H 0 0 0 0 0 
p-Me –0.17 –0.31 0.117 0.080 0.127 
p-OMe –0.268 –0.78 0.383 0.304 0.346 
 
 
 
Figure II.26 Hammett plot for aerobic ArI oxidation fitted with (a) s and (b) s+. Fitting with s+ shows 
better R2 value. 
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Figure II.27 Mol fraction of ArI(OAc)2 as a function of time for oxidation of ArI with AcOOH in AcOH-
d4 at 23 °C. 
 
Table II.3 Summary of the initial rate of aryl iodides oxidation. 
Substituent Initial rate (mM/h) 1st 2nd 3rd 
p-CF3 5.84 6.47 4.30 
p-Cl 43.7 55.5 62.0 
p-F 69.5 71.8 69.7 
p-H 98.3 98.1 107 
p-Me 164 190 176 
 
 
Table II.4 Calculated log(kR/kH). (Sigma values obtained from reference 183). 
Substituent s s+  log(kR/kH) 1st 2nd 3rd 
p-CF3 0.54 0.61 -1.226 -1.181 -1.394 
p-Cl 0.227 0.11 -0.352 -0.247 -0.235 
p-F 0.062 –0.07 -0.150 -0.136 -0.184 
p-H 0 0 0 0 0 
p-Me –0.17 –0.31 0.223 0.286 0.216 
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Figure II.28 Hammett plot for ArI oxidation by AcOOH solution fitted with (a) s and (b) s+. In general, 
the best-fit lines for Hammett analyses showed small Y-intercepts. The best fit line for the plot shown in 
Figure II.28b showed a large Y-intercept (~ –0.2) and thus we forced this fit to pass through the origin. 
Fitting with s shows better R2 value. 
 
The sensitivity of aldehyde-promoted oxidation (r = –0.51) indicates the buildup 
of positive charge during the rate-determining transition state of aldehyde-promoted 
aerobic oxidation, but substantially less than is observed during peracid-promoted 
oxidation (r = –2.10). The r-value for aldehyde-promoted oxidation is similar to r-values 
that have been reported for the radical autoxidation of cumene derivatives (r = –0.41)184 
and for the epoxidation of stilbene derivatives under aldehyde-autoxidation conditions (r 
= –0.73)81 (a reaction proposed to proceed via initial addition of an aerobically generated 
acyl peroxy radical to the olefin). These results 1) demonstrate that peracetic acid is not 
kinetically competent as the oxidant during aldehyde-promoted aerobic oxidation and 2) 
suggest that open-shell species may serve as critical oxidants during aldehyde-promoted 
aerobic oxidation. 
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II.2.4 Evaluation of Potential Open-Shell Oxidants 
Based on the observation of oxygen-centered radicals by spin-trapped EPR and the 
results of Hammett analysis, we have pursued a series of experiments to evaluate the 
competence of these species as oxidants for PhI. 
Kinetic Competition Experiments. Reactive oxidants generated during the 
autoxidation of aldehydes have previously been demonstrated to be competent oxidants 
towards aliphatic C–H bonds.185, 186 In our hands, exposure of a solution of cyclohexane 
and acetaldehyde to O2 afforded cyclohexanone in 9.5% yield (Table II.5). Using a 
mixture of d12- and H12-cyclohexane, we measured the kinetic isotope effect (KIE) for 
cyclohexane oxidation under these conditions to be 4.8(4), which suggests that HAA from 
cyclohexane is the rate determining step in the generation of cyclohexanone. Using 
dispersion-corrected DFT (UB3LYP-D3/def2-TZVPP-SMD(DCE)), we have identified 
the barriers for HAA from cyclohexane by acetoxy radical G to be 10.8 kcal/mol 
(computed kH/kD = 3.6) and by peroxy radical C to be 17.3 kcal/mol (computed kH/kD = 
6.1) (Figure II.29). Previous measurements of the kinetic isotope effects for HAA by 
peroxy radicals have reported large values (kH/kD = 9–19).132, 184, 187 The observation of 
acetoxy radicals by PBN-trapped EPR spectroscopy, in combination with the measured 
kinetic isotope effect suggests that cyclohexane oxidation most likely proceeds via initial 
HAA from cyclohexane by acetoxy radical G.  
To evaluate the kinetic competence of acetoxy radical G for oxidation of PhI, we 
examined the aldehyde promoted oxidation of hydrocarbon substrates in the presence of 
added PhI. We reasoned that if the reactive oxygen-centered radicals responsible for C–H 
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oxidation of cyclohexane (i.e. G) were also responsible for PhI oxidation, PhI would be a 
competitive inhibitor of cyclohexane oxidation. Consistent with this hypothesis, addition 
of an increasing amount of PhI to aldehyde-promoted cyclohexane oxidation reactions 
resulted in the suppression of cyclohexanone evolution (Table II.5). 
 
 
Figure II.29 Evaluation of pathways of aliphatic C–H abstraction of cyclohexane (SA) by acetoxy radical 
(G) and peroxy radical (C) to generate cyclohexyl radicals (SB) and corresponding acids. Free energies 
(kcal/mol) were computed at the UM06-2X/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) 
(parenthesis), DLPNO-CCSD(T)/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (bracket), 
and UB3LYP-D3/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) levels. 
 
Similarly, exposure of adamantane to acetaldehyde autoxidation reaction mixtures 
results in 1-adamantanol in 47% yield,188 which is reduced to 14% upon the addition of 
1.0 equivalents of PhI, and exposure of ethylbenzene to acetaldehyde autoxidation 
reaction mixtures results in acetophenone in 30% yield, which is reduced to 9% upon 
addition of PhI. The yields for C–H oxidation and iodobenzene oxidation are anti-
correlated: For example, during oxidation of ethylbenzene, in the presence of 1.0 
equivalent of PhI, acetophenone is generated in 9% yield and PhI(OAc)2 is generated in 
53% yield; in the presence of 5.0 equivalent of PhI, acetophenone is generated in 5% yield 
and PhI(OAc)2 is generated in 100% yield (based on ethylbenzene). These data indicate 
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that PhI is a kinetic inhibitor of C–H oxidation and thus implicates open-shell oxidants in 
the oxidation of PhI (Tables II.5). 
 
Table II.5 Kinetic competition experiment. Yield of C–H oxidation by acetaladehyde autoxidation. The 
yield of C–H oxidation by acetaldehyde autoxidation is negatively correlated to the oxidation of PhI, which 
suggests that the reactive oxidant responsible for the C–H oxidation is the same as that responsible for PhI 
oxidation. 
 
PhI loading Cyclohexanone yield
* 
(%) 
Adamantanol yield 
(%) (1-OH / 2-OH) 
Acetophenone yield 
(%) 
0 equiv 9.5 47.0/5.3 30 
1.00 equiv 2.4 14.0/1.4 8.7 
5.00 equiv 2.0 - 5.6 
10.0 equiv 0.8 - - 
 
 
II.2.5 Computational Results 
Here, we evaluate pathways that would generate either iodosylbenzene K189 or 
(diacetoxyiodo)benzene M because under the reaction conditions we have examined (i.e. 
in the presence of AcOH), iodosylbenzene is readily converted to (diacetoxyiodo)benzene 
via the intermediacy of hydroxy iodinane L (Figure II.30).190 
 
                                               
* For comparison, AcOOH is not a competent oxidant of cyclohexane: A 20-mL scintillation vial was 
charged with CH3CN (0.5 mL), DCE (0.5 mL), cyclohexane (27 µL, 0.25 mmol, 1.0 equiv) and 39 wt% 
AcOOH (0.17 ml, 1.0 mmol, 4.0 equiv). The solution was stirred at 23 °C for 16 h. Mesitylene was added 
to the reaction mixture as an internal standard. The reaction mixture was filtered through silica plug, diluted 
with DCE (1 mL), and analyzed by GC. No cyclohexane oxidation product was observed. 
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Figure II.30 Evaluation of conversion of iodosylbenzene (K) to iodobenzene diacetate (M) via the 
intermediacy of hydroxy iodinane (L). Free energies (kcal/mol) were computed at the UM06-2X/def2-
TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (parenthesis), DLPNO-CCSD(T)/def2-TZVPP-
SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (bracket), and UB3LYP-D3/def2-TZVPP-
SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) levels. 
  
Pathways via Initial Two-Electron Oxidation. We initiated our computational 
investigation by evaluating potential two-electron OAT reactions from peracetic acid, 
peroxy radical C, and acetoxy radical G to afford iodosylbenzene (Figure II.31).191 The 
lowest energy transition state located for oxygenation of PhI by peracetic acid is TSDJ-FK 
(22.2 kcal/mol vs. PhI and D) in which OAT is activated by internal hydrogen bonding of 
the peracid proton to the carbonyl group (Figure II.31a). The located transition state is 
analogous to the butterfly transition states invoked for olefin epoxidation with peracids.86 
We have also evaluated OAT from peroxy radical C and acetoxy radical G, reactions steps 
that have been suggested to be operative in the autoxidation of phosphorous(III) 
compounds.192-198 Both processes are substantially endergonic — OAT from C to generate 
iodosylbenzene K and acetoxy radical G is +12.1 kcal/mol and OAT from G to generate 
iodosylbenzene K and acyl radical B is +67.3 kcal/mol — and thus we will not consider 
these pathways further (Figure II.31b–c). Other potential two-electron mechanism, ionic 
mechanisms, of PhI oxidation by peracetic acid D, peroxide E, and diacetyl peroxide H 
are also considered (Figure II.32). PhI oxidation by peracetic acid D via initial 
hydroxylation of PhI followed by recombination with acetate anions were not found to be 
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lower in energy than OAT pathway. The reactions of PhI with peroxide E and H, which 
result in the cationic I(III) compounds, O and Q respectively, and acetate anions, are 
highly endergonic (+22.4 and +18.6 kcal/mol, respectively) and their transition state could 
not be found. 
 
 
Figure II.31 Evaluation of OAT reactions. OAT from peracetic acid, peroxy radical C, and acetoxy radical 
to PhI. Free energies (kcal/mol) were computed at the UB3LYP-D3/def2-TZVPP-SMD(DCE) level of 
theory. 
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Figure II.32 Evaluation of two-electron ionic pathways. PhI (J) reacts with peracetic acid (D), peroxide 
(E) and diacetyl peroxide (H) in ionic pathway to generate corresponding cations R, O and Q along with 
acetate anions P. Free energies (kcal/mol) were computed at the UM06-2X/def2-TZVPP-
SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (parenthesis), DLPNO-CCSD(T)/def2-TZVPP-
SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (bracket), and UB3LYP-D3/def2-TZVPP-
SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) levels. 
 
Pathways via Initial One-Electron Oxidation. Based on Hammett analyses and 
PhI-mediated inhibition of C–H oxidation chemistry, we have examined one-electron 
oxidation pathways for the reaction of reactive intermediates generated during aldehyde 
autoxidation (e.g. acetoxy radical G) with PhI.199 Addition of acetoxy radical to form 
iodanyl radical N is uphill by 3.9 kcal/mol and is accessed via TSGJ-N, which is 8.9 
kcal/mol above the separated reactants (Figure II.33). Iodanyl radical N displays a bent 
geometry at the hypervalent iodine center (C–I–O: 97.6°) and a long I–O bond (2.63 Å; 
for comparison I–O in M: 2.19 Å (computed); 2.16 (expt)200). Iodanyl radical N resembles 
intermediates proposed during alkynylation reactions accomplished by photoredox 
catalysis.201, 202 Evaluation of the spin density of N indicates that substantial spin on the 
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iodine center with delocalization to the oxygen atoms of the acetate ligand (Table II.6 for 
detailed analysis of the spin density of N). An I(II) compound resulting from addition of 
peroxy radical C to PhI could not be located as a stationary point; all attempts resulted in 
evolution of iodosylbenzene with extrusion of acetoxy radical. 
 
 
Figure II.33 Evaluation of initiation step where acetoxy radical was added to PhI. Free energies 
(kcal/mol) were computed at the UM06-2X/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) 
(parenthesis), DLPNO-CCSD(T)/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (bracket), 
and UB3LYP-D3/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) levels. 
 
 
Table II.6 Evaluation of spin density of iodanyl radical (N). 
 
Geometry optimization method d (I–O1) / Å Mulliken spin density I O1 O2 
UB3LYP/6-31G(d)-SDD 2.75 0.36 0.54 0.03 
UB3LYP/6-31+G(d)-SDD 2.70 0.45 0.46 0.03 
UB3LYP/def2-TZVPP 2.63 0.47 0.41 0.04 
UB3LYP/def2-TZVPP-SMD(DCE) 2.63 0.49 0.43 0.04 
UM06-2X/6-31G(d)-SDD 2.63 0.37 0.57 0.02 
UM06-2X/6-31+G(d)-SDD 2.56 0.46 0.47 0.01 
UM06-2X/6-31+G(d)-SDD-SMD(DCE) 2.54 0.53 0.39 0.02 
UM06-2X/6-31+G(d)-LANL2DZ 2.51 0.46 0.46 0.02 
UM06-2X/def2-TZVPP 2.46 0.49 0.42 0.03 
UM06-2X/def2-TZVPP-SMD(DCE) 2.47 0.59 0.33 0.02 
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Figure II.34 Evaluation of pathways of radical chain propagation. Acetoxyiodanyl radical N was reacted 
with peracetic acid D, diacetyl peroxide H, and peroxide E. Free energies (kcal/mol) were computed at the 
UM06-2X/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (parenthesis), DLPNO-
CCSD(T)/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (bracket), and UB3LYP-
D3/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) levels. 
 
Reaction of I(II) intermediates (i.e., N) with peroxides present in solution would 
result in radical chain propagation. Based on the relative facility of acetoxy versus peroxy 
radical addition to PhI, we have evaluated a variety of potential reaction pathways for 
reactions of iodanyl radical N (Figure II.34). Addition of peracetic acid to iodanyl radical 
N to generate hydroxy iodinane L and acetoxy radical is downhill by 11.7 kcal/mol and 
proceeds via transition state TSDN-GL, which is calculated to be 17.2 kcal/mol above the 
separated reactants. Reaction of iodanyl radical N with either diacetyl peroxide H or 
peroxide E, which would generate I(III) products and regenerate chain-carrying acetoxy 
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radicals, are both thermodynamically favored and proceed via transition states of similar, 
yet higher, energy. Chain-propagating addition of peracetic acid to iodanyl radical N is 
the highest barrier along the computed pathway from PhI to PhI(OAc)2.203 
Reaction of transiently generated iodanyl radicals with open-shell species in 
solution would result in chain termination. We considered several potential termination 
pathways (Figure II.35). Disproportionation of two equivalents of iodanyl radical N to 
generate (diacetoxyiodo)benzene and iodobenzene is thermodynamically favored (–30.3 
kcal/mol); we have been unable to locate a transition state for this process (Figure II.35a). 
The addition of acetoxy radical G to iodanyl radical N proceeds without barrier (Figure 
II.35b), as determined by scan about the O–I bond, leading to (diacetoxyiodo)benzene (–
26.4 kcal/mol). In addition to productive termination steps leading to the production of 
PhI(OAc)2, unproductive termination, such as loss of acetoxy radical followed by radical 
coupling to generate diacetyl peroxide is also downhill (Figure II.35c). 
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Figure II.35 Evaluation of pathways of radical chain termination. Free energies (kcal/mol) were 
computed at the UM06-2X/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (parenthesis), 
DLPNO-CCSD(T)/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (bracket), and 
UB3LYP-D3/def2-TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) levels. 
 
II.2.6 Summary of Mechanistic Data  
Figure II.36–37 summarizes the radical chain process that is consistent with the 
available experimental and computational results. Russell termination of two equivalents 
of peroxy radical C generates 1O2 and two equivalents of acetoxy radical G. Addition of 
acetoxy radical G to PhI generates iodanyl radical N. Reaction of N with peracetic acid 
generates hydroxy iodinane L, which reacts spontaneously with AcOH to afford the 
observed PhI(OAc)2, and regenerates acetoxy radical G. Radical chain termination is 
accomplished by either combination of iodanyl radical N with acetoxy radical G or by 
disproportionation of iodanyl radical N. In this chain reaction, both iodanyl radical N and 
acetoxy radical G are chain carriers. The oxidation mechanism that has emerged from 
these studies shares common features with autoxidation reactions of some main-group 
species and transition metal complexes, which—unlike simple organics—can access 
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expanded valences. For example, the radical autoxidation of phosphorous(III) derivatives 
to generate phosphorous(V) oxides has been extensively studied (Figure II.37b).192-198 
Based on both kinetic data and EPR spectroscopy, four-coordinate phosphanyl radicals, 
generated by the addition of peroxy and alkoxy radicals to P(III) derivatives, have been 
implicated as autoxidation intermediates. Similarly, during the aerobic oxidation of 
dimethyl Pd(II) complexes, transient peroxo Pd(III) intermediates generated by addition 
of oxygen-centered radicals have been implicated (Figure II.37c).204 
 
 
Figure II.36 Overall reaction diagram. Free energies (kcal/mol) were computed at the UM06-2X/def2-
TZVPP-SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (parenthesis), DLPNO-CCSD(T)/def2-TZVPP-
SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) (bracket), and UB3LYP-D3/def2-TZVPP-
SMD(DCE)//UB3LYP/def2-TZVPP-SMD(DCE) levels. 
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Figure II.37 Valence expansion and open-shell intermediates during autoxidation chain reactions. 
(a) Summary of the reaction steps involved in aldehyde-promoted aerobic oxidation of aryl iodides. Valence 
expansion during radical chain autoxidation has also been implicated during (b) the autoxidation of P(III) 
compounds and (c) the autoxidation of late-metal complexes. 
 
Analysis of the free energy surface for two-electron oxidation of PhI by peracetic 
acid versus the radical chain mechanism advanced for aldehyde-promoted aerobic 
oxidation rationalizes the observation that while peracetic acid is a chemically competent 
oxidant for PhI, it is not kinetically competent during aldehyde-promoted aerobic 
oxidation. Addition of acetoxy radical to PhI proceeds with a barrier of 8.9 kcal/mol. The 
barrier to oxidation of PhI by peracetic acid is computed to be 22.2 kcal/mol while the 
highest barrier calculated along the radical chain mechanism depicted in Figure II.36 is 
oxidation of iodanyl radical N by peracetic acid at 21.1 kcal/mol. These relative barrier 
heights are consistent with a Curtin-Hammett scenario, in which rapid reversible addition 
of acetoxy radical to PhI proceeds to generate N, and selectivity for one- versus two-
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electron oxidation is governed by the relative barrier heights for reaction of peracetic acid 
with N and PhI, respectively. 
 
II.2.7 Application in C–H Functionalization 
Interest in understanding the mechanisms relevant to aerobic hypervalent iodine 
chemistry is in part motivated by desire to enable aerobic oxidation catalysis via 
hypervalent iodine intermediates. Thus, with the conditions for successful aerobic 
oxidation of aryl iodides in hand, we demonstrated the application of the aerobically 
generated hypervalent iodine reagents in C–H functionalization reaction, in which O2 is 
utilized as the terminal oxidant coupled to diverse modes of substrate oxidation. Figure 
II.38 illustrates each functionalization reactions, and control reactions in the absence of 
aryl iodides resulted in no conversion to the illustrated oxidation products. 
 
  
Figure II.38 Utilization of aerobic oxidation of PhI in substrate oxidation reactions. (a) Utilization of 
PhI oxidation in 1,2-difunctionalization of olefins in one-pot two-step method. (b) Aerobic C–N coupling 
catalysis mediated by ArI oxidation. 
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Aerobic oxidation of aryl iodides can be utilized in substrate oxygenation. Aerobic 
1,2-bis-acetoxylation of styrene derivatives,205 illustrated by the conversion of 4-
fluorostyrene (II.6) to bis-acetate II.7 in 88% yield, can be accomplished via a one-pot 
procedure (Figure II.38). In the specific case of styrene functionalization, a one-pot, two-
step protocol, in which PhI(OAc)2 is prepared prior to styrene addition, was necessary. 
The incompatibility of radical chain autoxidation of PhI with the presence of styrene is 
consistent with the facility of radical addition to styrenes. One-step aerobic carbonyl α-
oxidation reactions proceed readily.  
The ability to accomplish ligand exchange chemistry in hypervalent iodine 
compounds allows the developed aerobic oxidation of aryl iodides to be applied to 
substrate oxidation chemistry that does not involve incorporation of oxygen in the reaction 
products. For example, dehydrogenative N–H/C–H coupling to arylate amines with 
unfunctionalized aromatics can also be accomplished by the action of aryl iodide catalysis. 
With 10 mol% 1,2-diiodobenzene, amine II.8 undergoes arylation with benzene206 to 
afford phenylsulfonamide II.9 in 78% yield. In each of the reactions pictured in Figure 
II.38, aerobic oxidation is accomplished with AcOH as the only stoichiometric by-product. 
While we successfully showed a few examples of C–H functionalization coupled 
to aerobic oxidation of aryl iodides, achieving aerobic hypervalent iodine catalysis in 
broad substrate scope is still challenging due to the relative rates of iodine-centered 
oxidation and direct substrate oxidation by aerobically generated radicals. Substantial 
recent progress has been made towards realizing hypervalent iodine catalysis using m-
CPBA and other peracids as terminal oxidants. To evaluate the functional group tolerance 
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of the radical chain aerobic oxidation of PhI, we have carried out robustness analyses207 
for PhI oxidation by both our aerobic protocol and for m-CPBA oxidation (Figure II.39). 
In this experiment, small-molecule additives that feature various functional groups 
are added to a reaction and both the impact on the reaction yield and the amount of 
recovered additive are recorded. The results of these experiments reveal that despite the 
radical chain mechanism, the functional group tolerance of the two conditions is 
remarkably similar. Challenges to both sets of conditions include electron rich aromatic 
substrates (i.e., phenol and aniline) and C–C multiply bonded substrates. Similar analysis 
of the aryliodide catalyzed cross-coupling of benzene with N-methoxy-4-
methylbenzenesulfonamide is detailed in Figure II.40.  
 
 
Figure II.39 Robustness analysis for aerobic oxidation of PhI. The functional group tolerance for aerobic 
oxidation (black) is similar to that of m-CPBA oxidation (red). 
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Figure II.40 Robustness analysis for C–N coupling. The functional group tolerance for aerobic oxidation 
(black) is similar to that of m-CPBA oxidation (red). 
 
II.3 Conclusion 
Development of new strategies to couple O2 reduction with oxidative substrate 
functionalization chemistry is required in order to realize sustainable synthetic chemistry. 
In furtherance of this goal, we have developed new strategies to access hypervalent iodine 
compounds from O2 by intercepting reactive oxidants generated during aldehyde 
autoxidation chemistry. Here we utilize experiment and theory to demonstrate that 
hypervalent iodine reagents are accessed by a radical chain reaction initiated by 
aerobically generated acetoxy radicals. Aerobically generated acetoxy radicals and the 
iodanyl radicals resulting from their addition to aryl iodides are critical chain-carriers 
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during aerobic oxidation. This report represents the first demonstration of the important 
role of I(II) species during the oxidation of aryl iodides. These observations are striking 
given that application of hypervalent iodine reagents in synthesis is largely predicated on 
the well-behaved two-electron oxidation-reduction chemistry characteristic of these 
species.  
A continuing challenge for the development of sustainable oxidation chemistry is 
the need to identify chemical strategies that provide access to strong chemical oxidants, 
such as hypervalent iodine compounds, under sufficiently mild conditions to be 
compatible with broad families of substrates. Robustness analysis reveals that the 
developed aerobic oxidation chemistry displays similar substrate tolerance to more 
commonly employed peracid-based methods, but oxidatively labile substrates, such as 
olefins, remain a challenge. We anticipate that the demonstration of the critical role of 
one-electron processes and iodanyl radical intermediates in the preparation of hypervalent 
iodine reagents will provide the mechanistic basis for the development of strategies to 
achieve sustainable substrate oxidation under mild reaction conditions. 
 
II.4 Experimental Details 
II.4.1 General Considerations 
Materials. Diethyl ether was purchased from Sigma Aldrich and was dried by 
distillation over Na and benzophenone under N2 and was stored over 4Å molecular sieves. 
Acetic anhydride was purchased from Sigma Aldrich and distilled under low pressure after 
standing over Na metal for 3 days.208 All other chemicals and solvents were obtained as 
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ACS reagent grade and used as received. Iodobenzene, chlorobenzene, and benzaldehyde 
were obtained from Beantown Chemical. 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) was 
obtained from Matrix Scientific. Cyclohexane, O-methylhydroxylamine hydrochloride, 
ethyl benzene, n-butyraldehyde, isobutyraldehyde, pivaldehyde, and trifluoroacetic acid 
were obtained from TCI. Acetaldehyde, 4-chromanone, 2-chloropyridine, aniline, and 1,2-
diiodobenzene were obtained from Alfa Aesar. Pyridine was obtained from Millipore 
Sigma. 4-chloroiodobenzene was obtained from Oakwood chemical. Mesitylene, 
CoCl2×6H2O, 2-iodobenzoic acid, 4-iodoanisole, 4-iodotoluene, p-toluensulfonyl chloride, 
m-chloroperbenzoic acid (m-CPBA), dimethylterephthalate, phenol, 1-octene, 1-octyne, 
1-nonanol, 1-bromohexane, cycloheptanone, 1,2-dichloroethane (DCE), ethyl acetate, 
benzonitrile, benzene, diethyl ether, hexanes, peracetic acid (32 wt% in AcOH), acetic 
acid, acetic acid-d4, and sodium peroxide were obtained from Sigma Aldrich. Silica gel 
(0.060 – 0.200 mm, 60 Å for column chromatography) and adamantane were obtained 
from Acros Organics. CH2Cl2 and acetonitrile were obtained from Fisher Scientific. NMR 
solvents were purchased from Cambridge Isotope Laboratories and were used as received. 
O2 (99.6%) was obtained from Conroe Welding Supply. All reactions were carried out 
under ambient atmosphere unless otherwise noted. 
Characterization Details. NMR spectra were recorded on an Inova 500 FT NMR 
or a VNMRS 500 FT NMR from Varian an AcsendTM 400 NMR from Bruker for 1H, 13C, 
and 19F acquisitions and were referenced against solvent signals: CDCl3 (7.26 ppm, 1H; 
77.16 ppm, 13C) and acetic acid-d4 (2.04 ppm, 1H).209, 210 1H NMR data are reported as 
follows: chemical shift (δ, ppm), (multiplicity: s (singlet), d (doublet), t (triplet), m 
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(multiplet), br (broad), integration). 13C NMR data are reported as follows: chemical shift 
(δ, ppm). 19F spectra were referenced against fluorobenzene (–113.15 ppm).211 19F NMR 
data are reported as follows: chemical shift (δ, ppm). Mass spectrum was recorded on 
either Orbitrap Fusion™ Tribrid™ Mass Spectrometer or Q ExactiveTM Focus Hybrid 
Quadrupole-OrbitrapTM Mass Spectrometer from ThermoFisher Scientific. GC analysis 
was carried out using a Trace 1310 (Thermo Scientific) instrument equipped with a 
TraceGOLD TG-1M column from Thermo Scientific (length: 30 m, id: 0.53 mm, film 
thickness: 0.25 µm). For radical trapping experiment and kinetic isotope effect 
determinations, the column temperature was maintained at 55 °C for 1 min and was raised 
to 200 °C at 10 °C/min. The final temperature (200 °C) was held for 5 min. Gaseous 
products formed during PhI oxidation by AcOOH were investigated by removing a known 
volume of the headspace gas with a gas-tight syringe and injecting them to a calibrated 
SRI gas chromatograph with a TCD and a coupled methanizer and FID. EPR spectra were 
recorded at X-band (9.5GHz) on a Bruker ELEXSYS Spectrometer at 23 °C in 2 mm EPR 
tubes. EPR simulations were performed with Easyspin (version 5.2.17) using the “garlic” 
function.212 UV- vis spectra were recorded at 293 K in quartz cuvettes on an Ocean Optics 
Flame-S miniature spectrometer with DH-mini UV-vis NIR light source and were blanked 
against the appropriate solvent. 
Computational Details. All geometry optimizations of intermediates and 
transition states were accomplished using spin-unrestricted UB3LYP213, 214/def2-TZVPP 
method, including an ECP on iodine,215, 216 in DCE solvent using the SMD solvent 
model217 with “opt=noeigen” and “guess=mix” keywords as implemented in 
 
 74 
Gaussian09218 or Gaussian 16219 (indicated in Section F). Frequency calculations were 
performed at the same level of theory to obtain vibrational frequencies to confirm the 
identity of stationary points as intermediates (no imaginary frequencies) or transition 
states (only one imaginary frequency), as well as obtaining the thermal corrections to 
enthalpy (HcorrectionUB3LYP) and free energy (GcorrectionUB3LYP) at 298 K. Energies were 
refined by computing single point energies in implicit solvent with UB3LYP-D3220/def2-
TZVPP method. For comparison, single point energies were also computed using UM06-
2X221/def2-TZVPP method using Gaussian 09.218  Moreover, domain-based local pair-
natural orbital coupled-cluster using single and double excitations with perturbative triple 
excitations (DLPNO-CCSD(T))222 was performed with def2-TZVPP as basis set and def2-
TZVPP/C as auxiliary basis set using ORCA software.223 This method was used to obtain 
energy with high accuracy at affordable computational cost compared to DFT 
calculations.224, 225 Solvent corrections for single point energy calculations were extracted 
from UB3LYP/def2-TZVPP calculations, i.e. ΔGsolvationUB3LYP = EUB3LYP/def2-TZVPP-SMD(DCE) 
- EUB3LYP/def2-TZVPP-gas. Single point energies were first calculated in gas phase with the 
aforementioned methods, in which EUM06-2X/def2-TZVPP-gas, EDLPNO-CCSD(T)/def2-TZVPP-gas and 
EUB3LYP-D3/def2-TZVPP-gas (Emethod-gas) can be obtained. Next, single point energies with 
solvent corrections EUM06-2X/def2-TZVPP-SMD(DCE), EDLPNO-CCSD(T)/def2-TZVPP-SMD(DCE) and 
EUB3LYP-D3/def2-TZVPP-SMD(DCE) (Emethod-solvent) can be calculated as Emethod-solvent = Emethod-gas + 
ΔGsolvationUB3LYP. Free energies obtained with each method was obtained generally as 
Gmethod-solvent = Emethod-solvent + GcorrectionUB3LYP. In part Section F, Emethod-gas obtained with 
each method would be shown. These methods have been widely used to study reaction 
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mechanisms of open-shell species.226-229 All structural figures were generated with 
CYLview.230 KIE predictions were made using PyQuiver.231 Distances in structural 
figures are shown in Å and energies are in kcal/mol. 
 
II.4.2 Synthesis and Experimental Details 
  
Evaluation of aerobic oxidation of PhI in the presence of BHT. A 20-mL 
scintillation vial was charged with DCE (2 mL), iodobenzene (83.8 mg, 0.411 mmol, 1.00 
equiv), BHT (89.0 mg, 4.04 mmol, 10.0 equiv) and CoCl2·6H2O (0.9 mg, 0.004 mmol, 1 
mol%) and was fitted with a rubber septum. The reaction vessel was purged with O2 for 5 
min before acetaldehyde (224 µL, 4.07 mmol, 9.90 equiv) was added in one portion. The 
reaction mixture was stirred under 1 atm O2, delivered by inflated balloon, at 23 °C for 16 
h. Removal of the solvent in vacuo and 1H NMR analysis indicated that iodobenzene, not 
iodobenzene diacetate, was present. 
 
Measurement of aerobic oxidation kinetics of PhI in CDCl3. A 20-mL 
scintillation vial was charged with CDCl3 (4 mL), iodobenzene (163 mg, 0.800 mmol, 
1.00 equiv), and CoCl2·6H2O (1.0 mg, 7.7 µmol, 1.0 mol%) and fitted with a rubber 
septum. The reaction vessel was purged with O2 for 5 min. An aliquot (0.200 mL) was 
removed and the 1H NMR spectrum was recorded. Acetaldehyde (450 µL, 8.04 mmol, 
PhI
CH3CHO, BHT, PhI, O2
CoCl2·6H2O (1.0 mol%)
DCE, 23 ℃
no reaction
I
AcO
OAc
CH3CHO, O2
CoCl2•6H2O (1.0 mol%)
CDCl3, 23 ℃
I
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10.1 equiv) was added to the reaction vessel and the reaction mixture was stirred at 23 °C 
under 1 atm O2, delivered by inflated balloon. Aliquots (0.200 mL) were removed 
periodically for 1H NMR analysis. Monitoring was continued until the reaction had 
reached completion, as evidenced by the disappearance of 1H NMR resonances 
attributable to iodobenzene. Data are collected in Figure II.3 and Figure II.21. 
 
Measurement of aerobic oxidation kinetics of PhI in CDCl3 with no added 
initiator. A 20-mL scintillation vial was charged with CDCl3 (4 mL) and iodobenzene 
(163 mg, 0.800 mmol, 1.00 equiv) and was fitted with a rubber septum. The reaction vessel 
was purged with O2 for 5 min. An aliquot (0.200 mL) was removed and the 1H NMR 
spectrum was recorded.  Acetaldehyde (450 µL, 8.04 mmol, 10.1 equiv) was added to the 
reaction vessel and the reaction mixture was stirred at 23 °C under 1 atm O2, delivered by 
inflated balloon. Aliquots (0.200 mL) were removed periodically for 1H NMR analysis. 
Monitoring was continued until the reaction had reached completion, as evidenced by the 
disappearance of 1H NMR resonances attributable to iodobenzene. Data collected in 
Figure II.3 and Figure II.21. 
 
Measurement of aerobic oxidation kinetics of PhI in AcOH-d4. A 20-mL 
scintillation vial was charged with AcOH-d4 (4 mL), iodobenzene (163 mg, 0.800 mmol, 
1.00 equiv), and CoCl2·6H2O (1.0 mg, 7.7 µmol, 1.0 mol%) and was fitted with a rubber 
I
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OAc
CH3CHO, O2
CDCl3, 23 ℃
I
I
AcO
OAc
CH3CHO, O2
CoCl2•6H2O (1.0 mol%)
AcOH-d4, 23 ℃
I
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septum. Mesitylene (50.0 µL, 0.359 mmol) was added to the reaction mixture as internal 
standard. The reaction vessel was purged with O2 for 5 min, and an aliquot (0.200 mL) 
was removed and 1H NMR spectroscopy was recorded. Acetaldehyde (450 µL, 8.04 
mmol, 10.1 equiv) was added to the reaction vessel and the reaction mixture was stirred 
at 23 °C under 1 atm O2, delivered by inflated balloon. Monitoring was continued until the 
reaction had reached completion, as evidenced by the disappearance of 1H NMR 
resonances attributable to iodobenzene. Data are collected in Figure II.3. 
 
Measurement of aerobic oxidation kinetics of PhI in AcOH-d4 with no added 
initiator. A 20-mL scintillation vial was charged with AcOH-d4 (4 mL) and iodobenzene 
(163 mg, 0.800 mmol, 1.00 equiv) and was fitted with a rubber septum. Mesitylene (50.0 
µL, 0.359 mmol) was added to the reaction mixture as internal standard. The reaction 
vessel was purged with O2 for 5 min, and an aliquot (0.200 mL) was removed and 1H 
NMR spectroscopy was recorded. Acetaldehyde (450 µL, 8.04 mmol, 10.1 equiv) was 
added to the reaction vessel and the reaction mixture was stirred at 23 °C under 1 atm O2, 
delivered by inflated balloon. Monitoring was continued up to 10 h. Data are collected in 
Figure II.3. 
 
Measurement of aerobic oxidation kinetics of 4-iodotoluene in CDCl3. A 20-
mL scintillation vial was charged with CDCl3 (4 mL), 4-iodotoluene (174 mg, 0.800 
I
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AcOH-d4, 23 ℃
I
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I
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CoCl2•6H2O (1.0 mol%)
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mmol, 1.00 equiv), and CoCl2·6H2O (1.0 mg, 7.7 µmol, 1.0 mol%) and was fitted with a 
rubber septum. 1,4-Dibromobenzene (94.4 mg, 0.400 mmol) was added to the reaction 
mixture as internal standard. The reaction vessel was purged with O2 for 5 min. An aliquot 
(0.200 mL) was removed and the 1H NMR spectrum was recorded. Acetaldehyde (450 
µL, 8.04 mmol, 10.1 equiv) was added to the reaction vessel and the reaction mixture was 
stirred at 23 °C under 1 atm O2, delivered by inflated balloon. Aliquots (0.200 mL) were 
removed periodically for 1H NMR analysis. Monitoring was continued until the reaction 
had reached completion, as evidenced by the disappearance of 1H NMR resonances 
attributable to 4-iodotoluene. Data are collected in Figure II.4 and Figure II.24a. 
 
Measurement of aerobic oxidation kinetics of 4-iodotoluene in CDCl3 with no 
added initiator. A 20-mL scintillation vial was charged with CDCl3 (4 mL) and 
iodotoluene (174 mg, 0.800 mmol, 1.00 equiv) and was fitted with a rubber septum. 1,4-
Dibromobenzene (94.4 mg, 0.400 mmol) was added to the reaction mixture as internal 
standard. The reaction vessel was purged with O2 for 5 min. An aliquot (0.200 mL) was 
removed and the 1H NMR spectrum was recorded.  Acetaldehyde (450 µL, 8.04 mmol, 
10.1 equiv) was added to the reaction vessel and the reaction mixture was stirred at 23 °C 
under 1 atm O2, delivered by inflated balloon. Aliquots (0.200 mL) were removed 
periodically for 1H NMR analysis. Monitoring was continued until the reaction had 
reached completion, as evidenced by the disappearance of 1H NMR resonances 
attributable to 4-iodotoluene. Data are collected in Figure II.4. 
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In Situ characterization of E during PhI oxidation by mass spectrometry. A 
20-mL scintillation vial was charged with CHCl3 (1.50 mL), iodobenzene (41.0 mg, 0.201 
mmol, 1.00 equiv), and CoCl2·6H2O (0.3 mg, 2 µmol, 1 mol%) and was fitted with a 
rubber septum. The reaction vessel was purged with O2 for 5 min. Acetaldehyde (115 µL, 
2.06 mmol, 10.2 equiv) was added to the reaction vessel and the reaction mixture was 
stirred at 23 °C under 1 atm O2, delivered by inflated balloon, for 1.5 h which the peroxo 
E was in the maximum concentration determined by kinetics measurement. At this time, 
the crude reaction mixture was injected for HRMS analysis. HRMS (ESI+): calcd. for 
C4H8NaO4 [M+Na]+ m/z 143.0320. Found: 143.0318. Data is summarized in Figure II.6. 
 
In Situ characterization of E during PhI oxidation by mass spectrometry in 
the absence of PhI. A 20-mL scintillation vial was charged with CHCl3 (1.50 mL) and 
CoCl2·6H2O (0.3 mg, 2 µmol, 1 mol%) and was fitted with a rubber septum. The reaction 
vessel was purged with O2 for 5 min. Acetaldehyde (115 µL, 2.06 mmol, 10.2 equiv) was 
added to the reaction vessel and the reaction mixture was stirred at 23 °C under 1 atm O2, 
delivered by inflated balloon, for 1.5 h which the peroxo E was in the maximum 
concentration determined by kinetics measurement. At this time, the crude reaction 
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mixture was injected for HRMS analysis. HRMS (ESI+): calcd. for C4H8NaO4 [M+Na]+ 
m/z 143.0320. Found: 143.0318. Data is summarized in Figure II.6. 
   
Analysis of a mixture of AcOOH and CH3CHO by mass spectrometry. A 20-
mL scintillation vial was charged with CHCl3 (0.50 mL), AcOOH (32 wt% in AcOH, 0.11 
mL, 0.52 mmol, 1.0 equiv), and acetaldehyde (30 µL, 0.54 mmol, 1.0 equiv). The solution 
was stirred vigorously for 5 min. The aqueous layer was carefully decanted. The organic 
layer was dried over anhydrous MgSO4, filtered through Celite, and the crude reaction 
mixture was injected for HRMS analysis. HRMS (ESI+): calcd. for C2H6LiO3 [M+Li]+ 
m/z 85.0471. Found [M+Li]+ m/z 85.0478; calcd. for C4H8LiO4 [M+Li]+ m/z 127.0577. 
Found: 127.0318. 
Observation of conversion of peroxide E to AcOH An NMR tube was charged 
with CDCl3 (0.5 mL), AcOOH (32 wt%, 0.11 mL, 0.52 mmol, 1.0 equiv), acetaldehyde 
(30 µL, 0.54 mmol, 1.0 equiv), and mesitylene (internal standard; 10 µL, 0.073 mmol). 1H 
NMR spectra were recorded over 24 h. Data and spectra are summarized in Figure II.7. 
 
Analysis of aerobic oxidation of iodobenzene in AcOH by spin-trapped EPR 
spectroscopy. A 20-mL scintillation vial was charged with AcOH (0.5 mL), iodobenzene 
(20.2 mg, 0.0990 mmol, 1.00 equiv), and CoCl2·6H2O (0.2 mg, 0.9 µmol, 1 mol%), and 
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was fitted with a rubber septum. The reaction vessel was purged with O2 for 5 min before 
acetaldehyde (56 µL, 1.0 mmol, 10 equiv) was added in one portion. The reaction mixture 
was stirred under 1 atm O2, delivered by inflated balloon, at 23 °C for 1 h. PBN (24.3 mg, 
0.138 mmol, 1.39 equiv) was added to the reaction mixture and stirred for 5–10 min. The 
resulting solution was injected in 2 mm EPR tube and analyzed. The acquired EPR 
spectrum is pictured in Figure II.9. 
 
Analysis of aerobic oxidation of iodobenzene in DCE by spin-trapped EPR 
spectroscopy. A 20-mL scintillation vial was charged with DCE (0.5 mL), iodobenzene 
(20.2 mg, 0.0990 mmol, 1.00 equiv), and CoCl2·6H2O (0.2 mg, 0.9 µmol, 1 mol%), and 
was fitted with a rubber septum. The reaction vessel was purged with O2 for 5 min before 
acetaldehyde (56 µL, 1.0 mmol, 10 equiv) was added in one portion. The reaction mixture 
was stirred under 1 atm O2, delivered by inflated balloon, at 23 °C for 1 h. PBN (24.3 mg, 
0.138 mmol, 1.39 equiv) was added to the reaction mixture and stirred for 5–10 min. The 
resulting solution was injected in 2 mm EPR tube and analyzed. The acquired EPR 
spectrum is pictured in Figure II.10. 
 
Analysis of aerobic oxidation of iodobenzene in CH2Cl2 by spin-trapped EPR 
spectroscopy. A 20-mL scintillation vial was charged with dichloromethane (CH2Cl2) 
(0.5 mL), iodobenzene (19.3 mg, 0.0946 mmol, 1.00 equiv), and CoCl2·6H2O (0.2 mg, 0.9 
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µmol, 1 mol%), and was fitted with a rubber septum. The reaction vessel was purged with 
O2 for 5 min before acetaldehyde (56 µL, 1.0 mmol, 10 equiv) was added in one portion. 
The reaction mixture was stirred under 1 atm O2, delivered by inflated balloon, at 23 °C 
for 1 h. PBN (26.3 mg, 0.149 mmol, 1.57 equiv) was added to the reaction mixture and 
stirred for 5–10 min. The resulting solution was injected in 2 mm EPR tube and analyzed. 
The acquired EPR spectrum is pictured in Figure II.10. 
Headspace Analysis. A 25-mL Schlenk tube was charged with DCE (2 mL), PhI 
(20.4 mg, 0.100 mmol, 1.00 equiv), and CoCl2·6H2O (0.6 mg, 0.002 mmol, 1 mol%) and 
was degassed with three freeze-pump-thaw cycles. The sidearm of the flask was purged 
with O2 for 5 min, and the flask was filled with O2. The solution was stirred under O2 for 
30 min to saturate O2 in the solution, and aldehyde was purged with N2 for 5 min in the 
iced bath. Degassed aldehyde (1.0 mmol, 10 equiv) was added to the solution under O2 
flow, and the flask was sealed by Teflon stopper. The reaction mixture was stirred at 23 
°C for 16 h. The sidearm was fitted with a rubber septum and purged with O2, then the 
screw cap was opened, 500 µL of the headspace gas was removed with a gas tight syringe 
and injected to a calibrated gas chromatograph. Data is pictured in Figure II.11. 
 
Synthesis of PhI(OAc)2 by AcOOH. (Diacetoxyiodo)benzene was prepared 
according to a previously reported procedure with a slight modification.232 A 20-mL 
scintillation vial was charged with AcOH (0.50 mL), and iodobenzene (40.8 mg, 0.200 
mmol, 1.00 equiv).  AcOOH (32 wt% in AcOH, 0.210 mL, 0.999 mmol, 4.99 equiv) was 
I I
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added dropwise to the reaction vessel and the reaction mixture was stirred at 23 °C for 7 
h. The resulting solution was diluted with 3 mL CH2Cl2 and washed with 3 mL H2O three 
times to remove remaining peroxides and AcOH. The organic layer was dried over 
anhydrous Na2SO4 and the solvent was removed in vacuo to afford 58.8 mg of 
(diacetoxyiodo)benzene as white solid (92% yield). 1H NMR (δ, 23 °C, CDCl3): 8.07 (d, 
J = 7.6 Hz, 2H), 7.58 (m, 1H), 7.49 (m, 2H), 2.00 (s, 6H). The obtained spectral data are 
in good agreement with those reported in literature.162 
 
Measurement of kinetics of oxidation of PhI by AcOOH in AcOH-d4. An NMR 
tube was charged with AcOH-d4 (0.50 mL) and iodobenzene (20.4 mg, 0.100 mmol, 1.00 
equiv). The 1H NMR spectrum was recorded. To the NMR solution, AcOOH (32 wt% in 
AcOH, 0.210 mL, 0.999 mmol, 10.0 equiv) was added. The reaction mixture was shaken 
and re-inserted into the NMR probe. Monitoring was continued until the reaction had 
reached over 80% conversion, as evidenced by the disappearance of 1H NMR resonances 
attributable to iodobenzene. Data are collected in Figure II.12. 
 
Measurement of kinetics of oxidation of PhI by AcOOH in AcOH-d4. An NMR 
tube was charged with AcOH-d4 (0.50 mL), iodobenzene (20.4 mg, 0.100 mmol, 1.00 
equiv), and 5–30 mol% of Co(OAc)2·6H2O. The 1H NMR spectrum was recorded. To the 
NMR solution, AcOOH (32 wt% in AcOH, 0.210 mL, 0.999 mmol, 10.0 equiv) was 
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added. The reaction mixture was shaken and the cap was punctured in order to release gas 
product before re-inserting into the NMR probe. Monitoring was continued until the 
reaction had reached over 80% conversion, as evidenced by the disappearance of 1H NMR 
resonances attributable to iodobenzene. Data are collected in Figure II.12. 
Headspace analysis of PhI oxidation by AcOOH after the first kinetic phase 
A 2-mL scintillation vial was charged with CH3CN (0.5 mL) and PhI (20.4 mg, 0.100 
mmol, 1.00 equiv), and was fitted with a rubber septum. Another 2-mL scintillation vial 
was filled with AcOOH (32 wt% in AcOH). Both vials were purged with N2 for 10 min, 
and AcOOH (32 wt% in AcOH, 0.210 mL, 0.999 mmol, 10 equiv) was added to the PhI 
solution. After 1 h, 200 µL of the headspace gas was taken with gas tight syringes and 
injected to a calibrated gas chromatograph with TCD, methanizer, and FID. For 
comparison, the headspace gas from the solution made by mixing N2 purged 
CH3CN (0.5 mL) and N2 purged AcOOH solution, and from the N2 purged 
CH3CN (0.5 mL) were analyzed in the same way. N2 and O2 references were 
prepared by purging 2-mL scintillation vials sealed by rubber septa with each 
gas for 10 min respectively. Data are collected in Figure II.12. 
 
Analysis of the reaction chemistry between PhI(OAc)2 and H2O2. An NMR 
tube was charged with AcOH-d4 (0.50 mL) and PhI(OAc)2 (32.2 mg, 0.100 mmol, 1.00 
equiv). The 1H NMR spectrum was recorded. H2O2 (30 wt%, 11.0 µL, 0.999 mmol, 10.0 
equiv) was added to the solution, and the solution was mixed by shaking the NMR tube. 
IH2O2
-1O2
I
AcO
OAc
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The 1H NMR spectrum recorded right after H2O2 addition showed PhI(OAc)2 was reduced 
to PhI by H2O2 (Figure II.13). 
 
Trapping 1O2 with 9,10-dimethylanthracene. Evolution of 1O2 during the 
reduction of PhI(OAc)2 with H2O2 was evaluated by addition of 9,10-dimethylanthracene 
(II.4), a known 1O2 trap, according to a previously reported procedure.173 A 20-mL 
scintillation vial was charged with CDCl3 (1.0 mL), (diacetoxyiodo)benzene (129 mg, 
0.401 mmol, 2.01 equiv), and II.4 (41.2 mg, 0.200 mmol, 1.00 equiv).  H2O2 (30 wt%, 
0.180 mL, 1.59 mmol, 7.94 equiv) was added to the reaction vessel and the reaction was 
sealed with cap and stirred at 23 °C for 5 h. The reaction mixture was recrystallized in 
CDCl3/hexanes to afford 31.3 mg of compound II.5 as white solid (66% yield). 1H NMR 
(δ, 23 °C, CDCl3): 7.4–17.38 (m, 4H), 7.29–7.26 (m, 4H), 2.15 (s, 6H). The obtained 
spectral data are in good agreement with those reported in literature.174  
	
Trapping 1O2 during the initial kinetic phase in PhI oxidation by AcOOH. A 
20-mL scintillation vial was charged with CDCl3 (0.50 mL), iodobenzene (20.4 mg, 0.100 
mmol, 1.00 equiv), and II.4 (20.6 mg, 0.100 mmol, 1.00 equiv).  AcOOH (32 wt%, 0.210 
mL, 0.999 mmol, 10.0 equiv) was added to the reaction vessel and the reaction vial was 
sealed and the reaction was stirred at 23 °C for 2.5 h. The reaction mixture was washed 
PhI(OAc)2
H2O2, CDCl3
-PhI
O
O
Me
Me Me
Me
32 wt% AcOOH
PhI, CDCl3 O
O
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Me Me
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with 2 mL water and extracted with CH2Cl2 (2 mL ´ 2). The combined organic layer was 
dried over anhydrous MgSO4 and solvent was removed in vacuo. The resulting solids were 
recrystallized in CH2Cl2/hexanes in the freezer to crystallize out PhI(OAc)2, and the 
supernatant was dried in vacuo and washed with hexanes to afford  19.6 mg of the 
compound (II.5) (70 % yield). 1H NMR (δ, 23 °C, CDCl3): 7.41–7.38 (m, 4H), 7.29-7.26 
(m, 4H), 2.15 (s, 6H). The obtained spectral data are in good agreement with those reported 
in literature.174 
 
PhI oxidation by AcOOH in presence of varying amount of H2O2. An NMR 
tube was charged with AcOH-d4 (0.49 mL) and iodobenzene (20.4 mg, 0.100 mmol, 1.00 
equiv). Stock solutions of AcOOH with higher H2O2 concentration were prepared by 
adding a 30 wt% H2O2 solution (40 µL; 0.35 mmol and 60 µL; 0.53 mmol, respectively) 
to 32 wt% AcOOH solution (0.525 mL, 2.50 mmol). The AcOOH stock solution (0.220 
mL) was added to the NMR solution and 1H NMR spectra were recorded until the reaction 
had reached over 80% conversion, as evidenced by the disappearance of 1H NMR 
resonances attributable to iodobenzene. Data are collected in Figure II.15. 
	
PhI oxidation by AcOOH in presence of varying amount of H2O. An NMR 
tube was charged with AcOH-d4 (0.49 mL) and iodobenzene (20.4 mg, 0.100 mmol, 1.00 
equiv). Stock solutions of AcOOH with higher H2O concentration were prepared by 
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adding H2O (20 µL; 1.1 mmol and 60 µL; 3.3 mmol, respectively) to AcOOH (32 wt% in 
AcOH, 0.420 mL, 2.00 mmol). The AcOOH stock solution (0.220 mL) was added to the 
NMR solution and 1H NMR spectra were recorded until the reaction had reached over 
80% conversion, as evidenced by the disappearance of 1H NMR resonances attributable 
to iodobenzene. Data are collected in Figure II.15. 
PhI oxidation by AcOOH in CDCl3. An NMR tube was charged with CDCl3 
(0.50 mL) and iodobenzene (20.4 mg, 0.100 mmol, 1.00 equiv) and a 1H NMR spectrum 
was recorded. To the NMR solution, AcOOH (32 wt% in AcOH, 0.210 mL, 0.999 mmol, 
10.0 equiv) was added and mixed by shaking the solution resulting in	biphasic solution. 
1H NMR spectra were recorded until the reaction had reached over 80% conversion, as 
evidenced by the disappearance of 1H NMR resonances attributable to iodobenzene. Data 
are collected in Figure II.16.	
	
PhI oxidation by peroxide E in AcOH-d4. An NMR tube was charged with 
AcOH-d4 (0.5 mL), iodobenzene (20.4 mg, 0.100 mmol, 1.00 equiv), AcOOH (32 wt% in 
AcOH, 0.210 mL, 0.999 mmol, 10.0 equiv), and acetaldehyde (55 µL, 0.98 mmol, 10 
equiv), and 1H NMR spectra were recorded over 1 h. To push the equilibrium toward 
intermediate E, additional CH3CHO (55 µL, 0.98 mmol, 10 equiv) was added, and 1H 
NMR spectra were recorded over 13 h (Figure II.17). 
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Synthesis of diacetylperoxide. Diacetylperoxide was prepared according to a 
previously reported procecure.233 A 50-mL round-bottom flask was charged with dry 
diethyl ether (4.5 mL) and acetic anhydride (0.80 mL, 8.5 mmol, 1.5 equiv), and was 
cooled to 0 °C with an ice bath. Sodium peroxide (0.433 g, 5.58 mmol, 1.00 equiv) was 
added to the solution in one portion. With vigorous stirring, distilled water (2 mL) was 
added to the mixture dropwise. Addition of H2O was sufficiently slow to maintain a 
reaction temperature below 5 °C and to avoid O2 evolution. The solution was stirred at 0 
°C until all sodium peroxide dissolved. The organic layer was separated and the aqueous 
layer was extracted with diethyl ether (10 mL ´ 2). The combined organic layer was 
washed with 1% sodium bicarbonate solution (3 mL ´ 2) and dried over anhydrous 
calcium chloride overnight. The supernatant was carefully decanted into a pre-weighed 
100-mL round-bottom flask. The flask was equipped with a calcium chloride drying tube 
and the solution was cooled to 195 K (dry ice / isopropanol slurry). After 6 h, peroxide 
crystals were observed. Solvent was removed in vacuo at 195 K to afford a colorless solid. 
The yield was obtained by measuring a total mass of the flask after adding a known amount 
of acetic acid-d4 (1.0 mL, 1.223 g). (0.238 g, 2.01 mmol, 36% yield). 1H NMR (δ, 23 °C, 
CDCl3): 2.19 (s, 6H). 
 
Treatment of PhI with diacetyl peroxide in the absence of Co(II) or Co(III) 
salts.  An NMR tube was charged with AcOH-d4 (0.7 mL), iodobenzene (20.4 mg, 0.100 
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mmol, 1.00 equiv), and diacetyl peroxide solution (118 mg, 1.00 mmol, 10.0 equiv). 
1,1,2,2-Tetrachloroethane (5.0 µL, 0.047 mmol) was added as an internal standard. 1H 
NMR spectra were recorded periodically over 17 h (Figure II.18).  
 
Treatment of PhI with diacetyl peroxide in presence of Co(II). An NMR tube 
was charged with AcOH-d4 (0.7 mL), Co(OAc)2·4H2O (3.5 mg, 0.014 mmol, 14 mol%), 
iodobenzene (20.4 mg, 0.100 mmol, 1.00 equiv), and diacetyl peroxide solution (118 mg, 
1.00 mmol, 10.0 equiv). 1,1,2,2-Tetrachloroethane (5.0 µL, 0.047 mmol) was added as an 
internal standard. 1H NMR spectra were recorded periodically over 3 h (Figure II.19). 
 
Treatment of PhI with diacetyl peroxide in presence of Co(III). An NMR tube 
was charged with AcOH-d4 (0.7 mL), Co(OAc)2·4H2O (3.5 mg, 0.014 mmol, 14 mol%), 
iodobenzene (20.4 mg, 0.100 mmol, 1.00 equiv), and diacetyl peroxide (118 mg, 1.00 
mmol, 10.0 equiv). 1,1,2,2-Tetrachloroethane (5.0 µL, 0.047 mmol) was added as an 
internal standard. After 3 h, AcOOH (39 wt%  in AcOH, 2.4 µL, 0.014 mmol, 14 mol%) 
was added to oxidize Co(II) to Co(III) salt (evidenced by evolution of a dark green 
solution).234 1H NMR spectra were recorded periodically over 13 h (Figure II.20). 
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Preparation and analysis of cobalt(III) compounds 
 
Oxidation of Co(OAc)2. Co(OAc)3 was prepared according to a previously reported 
procecure.234 A 20-mL scintillation vial was charged with AcOH (2.0 mL) and 
Co(OAc)2·4H2O (12.4 mg, 0.0500 mmol).* To the Co(OAc)2·4H2O solution, AcOOH (32 
wt% in AcOH, 11 µL, 0.052 mmol) was added and mixed, resulting in a dark green 
solution. The solution (0.5 mL) was diluted with AcOH (4.5 mL) and a UV-vis spectrum 
was recorded (lmax, 613 nm; e, 258 cm-1M-1) (Figure II.22). 
 
 
Oxidation of CoCl2. A 20-mL scintillation vial was charged with AcOH (5.0 mL) 
and CoCl2·6H2O (11.8 mg, 0.0496 mmol).† To the CoCl2·6H2O solution, AcOOH (32 
wt% in AcOH, 10 µL, 0.048 mmol) was added, resulting in dark green solution. The 
solution (0.5 mL) was diluted with AcOH (1.5 mL) and a UV-vis spectrum was recorded 
(Figure II.22). (lmax, 453 nm; e, 377 cm-1M-1; lmax, 607 nm; e, 251 cm-1M-1). 
Comparison to cobalt(III) in aerobic oxidation. A 20-mL scintillation vial was 
charged with iodobenzene (102 mg, 0.500 mmol, 1.00 equiv), 0.0025 M CoCl2·6H2O in 
AcOH (2 mL) was added (5.0 µmol, 1.0 mol%), and was fitted with a rubber septum. The 
                                               
* A UV-vis spectrum for cobalt(II) acetate was obtained (lmax, 524 nm; e, 19.3 cm-1M-1). 
† A UV-vis spectrum for cobalt(II) chloride was obtained (lmax, 579 nm; e, 49.5 cm-1M-1; lmax, 667 nm; e, 
56.8 cm-1M-1). 
Co(OAc)2·4H2O
32 wt% AcOOH
AcOH, 23 °C
Co(OAc)3
CoCl2·6H2O
32 wt% AcOOH
AcOH, 23 °C
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reaction vessel was purged with O2 for 5 min, and acetaldehyde (85 µL, 1.5 mmol, 3.0 
equiv) was added to the reaction vessel. The reaction mixture was stirred at 23 °C under 
1 atm O2, delivered by inflated balloon. After 4h, a UV-vis spectrum was obtained (lmax, 
603 nm; e, 218 cm-1M-1), which is in good agreement of Co(OAc)3 spectrum (Figure 
II.22). 
 
PhI oxidation by Co(OAc)3. A 20-mL scintillation vial was charged with 
Co(OAc)2·4H2O (24.9 mg, 0.100 mmol, 1.00 equiv) and AcOH-d4 (0.5 mL). AcOOH (32 
wt% in AcOH, 21 µL, 0.10 mmol, 1.0 equiv) was added to the solution and mixed. The 
resulting dark green solution was transferred to an NMR tube charged with AcOH-d4 (0.2 
mL) and iodobenzene (20.4 mg, 0.100 mmol, 1.00 equiv). 1H NMR spectra were recorded 
over 48 h (Figure II.23). 
 
Hammett Analysis of the Aldehyde-Promoted Aerobic Oxidation of Aryl Iodides 
Analysis of the impact of the substituents on the induction period 
Measurement of aerobic oxidation kinetics of 4-iodobenzotrifluoride in CDCl3. A 
20-mL scintillation vial was charged with CDCl3 (4 mL), 4-iodobenzotrifluoride (218 mg, 
0.800 mmol, 1.00 equiv), and CoCl2·6H2O (1.9 mg, 8.0 µmol, 1.0 mol%) and was fitted 
with a rubber septum. Mesitylene (40 µL, 0.29 mmol) was added to the reaction mixture 
as internal standard. The reaction vessel was purged with O2 for 5 min. An aliquot (0.200 
mL) was removed and the 1H NMR spectrum was recorded. Acetaldehyde (450 µL, 8.04 
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mmol, 10.1 equiv) was added to the reaction vessel and the reaction mixture was stirred 
at 23 °C under 1 atm O2, delivered by inflated balloon. Aliquots (0.200 mL) were removed 
periodically for 1H NMR analysis. Monitoring was continued for 5 h. Data are collected 
in Figure II.24. 
Measurement of aerobic oxidation kinetics of the 1:1 mixture of 4-iodotoluene and 
4-iodobenzotrifluoride in CDCl3. A 20-mL scintillation vial was charged with CDCl3 (4 
mL), 4-iodotoluene (87.2 mg, 0.400 mmol, 0.500 equiv), and 4-iodobenzotrifluoride (109 
mg, 0.400 mmol, 0.500 equiv), and CoCl2·6H2O (1.9 mg, 8.0 µmol, 1.0 mol%), and was 
fitted with a rubber septum. Mesitylene (40 µL, 0.29 mmol) was added to the reaction 
mixture as internal standard. The reaction vessel was purged with O2 for 5 min. An aliquot 
(0.200 mL) was removed and the 1H NMR spectrum was recorded. Acetaldehyde (450 
µL, 8.04 mmol, 10.1 equiv) was added to the reaction vessel and the reaction mixture was 
stirred at 23 °C under 1 atm O2, delivered by inflated balloon. Aliquots (0.200 mL) were 
removed periodically for 1H NMR analysis. Monitoring was continued for 5 h. Data are 
collected in Figure II.25. 
Measurement of aerobic oxidation kinetics of the 1:5 mixture of 4-iodotoluene and 
4-iodobenzotrifluoride in CDCl3. A 20-mL scintillation vial was charged with CDCl3 (4 
mL), 4-iodotoluene (21.8 mg, 0.100 mmol, 0.167 equiv), and 4-iodobenzotrifluoride (136 
mg, 0.500 mmol, 0.833 equiv), and CoCl2·6H2O (1.4 mg, 5.9 µmol, 1.0 mol%) and was 
fitted with a rubber septum. Mesitylene (20 µL, 0.29 mmol) was added to the reaction 
mixture as internal standard. The reaction vessel was purged with O2 for 5 min. An aliquot 
(0.200 mL) was removed and the 1H NMR spectrum was recorded. Acetaldehyde (450 
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µL, 8.04 mmol, 13.4 equiv) was added to the reaction vessel and the reaction mixture was 
stirred at 23 °C under 1 atm O2, delivered by inflated balloon. Aliquots (0.200 mL) were 
removed periodically for 1H NMR analysis. Monitoring was continued for 3 h. Data are 
collected in Figure II.25. 
Determination of relative rates of oxidation by pairwise competition experiments. 
A 20-mL scintillation vial was charged with AcOH-d4 (2 mL), two different aryl 
iodides (0.500 mmol, 1.00 equiv), and CoCl2·6H2O (1.0 mg, 4.2 µmol, 1.0 mol%), and 
was fitted with a rubber septum. The reaction was purged with O2 for 5 min, and 
acetaldehyde (20 µL, 0.36 mmol, 0.72 equiv) was added to the reaction vessel and the 
reaction mixture was stirred at 23 °C under 1 atm O2, delivered by inflated balloon for 3 
h. 1H NMR was measured to calculate the relative reaction rate. Data are collected in Table 
II.1–2 and Figure II.26. 
 
Hammett Analysis for Oxidation of Aryl Iodides by AcOOH.  
An NMR tube was charged with AcOH-d4 (0.50 mL), ArI (0.100 mmol, 1.00 
equiv), and AcOOH (32 wt% in AcOH, 0.210 mL, 0.999 mmol, 10.0 equiv). After mixing 
the solution by shaking the tube, a small hole was made on the cap to release the generated 
gas, and 1H NMR spectra were recorded periodically until the reaction had reached over 
30% conversion, as evidenced by the disappearance of 1H NMR resonances attributable 
to iodobenzene. Data are collected in Table II.3–4 and Figure II.27–28. 
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Kinetic Competition Experiments. 
 
Kinetic isotopes effect measurements. A 20-mL scintillation vial was charged with 
CH3CN (0.5 mL), DCE (0.5 mL), and CoCl2·6H2O (1.0 mg, 4.2 µmol, 1.0 mol%) and was 
fitted with a rubber septum. O2 was bubbled through the solution for 5 min before adding 
cyclohexane (27 µL, 0.25 mmol, 0.50 equiv), cyclohexane-d12 (27 µL, 0.25 mmol, 0.50 
equiv) and CH3CHO (80 µL, 1.4 mmol, 2.9 equiv). The reaction mixture was stirred at 23 
°C under 1 atm O2, delivered by inflated balloon for 16 h. The reaction mixture was filtered 
through silica plug, diluted with DCE (1 mL), and analyzed by GC. This experiment was 
performed 9 times and provide a kH/kD = 4.8 ± 0.4. 
Competition experiments with PhI and cyclohexane. A 20-mL scintillation vial 
was charged with CH3CN (0.5 mL), DCE (0.5 mL), iodobenzene (0, 51.0, 255, or 510 mg; 
0, 1.00, 5.00, or 10.0 equiv), and CoCl2·6H2O (0.6 mg, 2 µmol, 1 mol%). O2 was bubbled 
through the solution for 5 min before cyclohexane (27 µL, 0.25 mmol, 1.0 equiv) and 
CH3CHO (40 µL, 0.71 mmol, 3.6 equiv) were added. The solution was stirred at 23 °C 
under 1 atm O2, delivered by inflated balloon for 16 h. Mesitylene was added to the 
reaction mixture as an internal standard. The reaction mixture was filtered through SiO2 
plug, diluted with DCE (1 mL), and analyzed by GC. Data are collected in Table II.5. 
Competition experiments with PhI and adamantane. A 20-mL scintillation vial 
was charged with CH3CN (0.2 mL), DCE (1.8 mL), iodobenzene (0 or 102 mg; 0 or 1.00 
equiv), adamantane (60.4 mg, 0.499 mmol, 1.00 equiv), and CoCl2·6H2O (0.6 mg, 2 µmol, 
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0.5 mol%). O2 was bubbled through the solution for 5 min before CH3CHO (90 µL, 1.6 
mmol, 3.2 equiv) were added. The solution was stirred at 23 °C under 1 atm O2, delivered 
by inflated balloon for 6 h. Mesitylene was added to the reaction mixture as an internal 
standard. The reaction mixture was filtered through SiO2 plug, diluted with DCE (1 mL), 
and analyzed by GC. Data are collected in Table II.5. 
Competition experiments with PhI and ethylbenzene. A 20-mL scintillation vial 
was charged with CH3CN (0.2 mL), DCE (1.8 mL), iodobenzene (0, 102, or 510 mg; 0.00, 
1.00, or 5.00 equiv), and CoCl2·6H2O (0.6 mg, 2 µmol, 0.5 mol%). O2 was bubbled 
through the solution for 5 min before ethylbenzene (62 µL, 0.50 mmol, 1.0 equiv) and 
CH3CHO (90 µL, 1.6 mmol, 3.2 equiv) were added. The solution was stirred at 23 °C 
under 1 atm O2, delivered by inflated balloon for 6 h. Mesitylene was added to the reaction 
mixture as an internal standard. The reaction mixture was filtered through SiO2 plug, 
diluted with DCE (1 mL), and analyzed by GC. Data are collected in Table II.5. 
Synthesis of (Diacetoxyiodo)benzene from Iodosylbenzene. A 20-mL 
scintillation vial was charged with AcOH (1.00 mL), and iodobenzene (40.8 mg, 0.200 
mmol, 1.00 equiv), and the reaction mixture was stirred at 23 °C for 1 h. The solvent was 
removed in vacuo to afford 63.6 mg of (diacetoxyiodo)benzene as white solid (99% yield). 
1H NMR (δ, 23 °C, CDCl3): 8.07 (d, J = 7.6 Hz, 2H), 7.58 (m, 1H), 7.49 (m, 2H), 2.00 (s, 
6H). The obtained spectral data are in good agreement with those reported in literature.162 
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Synthesis of 1-(4-fluorophenyl)ethane-1,2-diyl diacetate (II.7). A 20-mL vial 
was charged with AcOH (0.9 mL), Ac2O (0.1 mL), iodobenzene (61.0 mg, 0.299 mmol, 
1.50 equiv) and CoCl2·6H2O (0.5 mg, 4 µmol, 2 mol%) and fitted with a rubber septum. 
The reaction vial was purged with O2 for 5 min and then acetaldehyde (168 µL, 3.00 mmol, 
15.0 equiv) was added to the reaction mixture. The reaction mixture was stirred for 6 h at 
23 °C under 1 atm O2 (supplied via a balloon). 4-Fluorostyrene (II.6) (24.0 µL, 0.201 
mmol, 1.00 equiv) and an AcOH solution of BF3·OEt2 (0.2 M, 100 µL, 20.2 µmol, 10 
mol%) were added and stirred at 23 °C for 6 h. Saturated aqueous NaHCO3 and CH2Cl2 
were added to the reaction mixture and the aqueous layer was extracted with CH2Cl2 (2 ´ 
3 mL). Solvent was removed in vacuo and the residue was purified column 
chromatography on SiO2 (9:1 hexanes:ethyl acetate) to afford 42.4 mg of the title 
compound (88% yield). 1H NMR (δ, 23 °C, CDCl3): 7.37–7.32 (m, 2H), 7.05–7.02 (t, 2H), 
4.30–4.27 (m, 2H), 2.11 (s, 3H), 2.05 (s, 3H). 13C NMR (δ, 23 °C, CDCl3): 170.5, 169.9, 
162.7 (d, J = 274.2 Hz), 132.4 (d, J = 3.3 Hz), 128.6 (d, J = 8.3 Hz), 115.6 (d, J = 21.5 
Hz), 72.6, 65.9, 21.1, 20.7. 19F NMR (δ, 23 °C, CDCl3): –112.9 ppm (C6H5F was used as 
a standard, –113.1 ppm). The obtained spectral data are in good agreement with those 
reported in literature.205  
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Synthesis of N-methoxy-4-methylbenzenesulfonamide (II.8). A 100 mL round 
bottom flask was charged with DCM (25 mL), p-toluenesulfonyl chloride (1.00 g, 5.25 
mmol, 1.00 equiv) and methoxyamine hydrochloride (437 mg, 5.23 mmol, 1.00 equiv) 
and stoppered with a cap. Pyridine (845 µL, 10.5 mmol, 2.00 equiv) was added to the 
reaction mixture, and stirred overnight at ambient temperature. The reaction was stopped 
by adding 10 mL water, extracted with DCM (25 mL x 3), and dried over anhydrous 
Na2SO4. The solvent was concentrated under reduced pressure and purified by column 
chromatography on silica gel (30% ethyl acetate in hexanes) to afford 883 mg of the title 
compound (84% yield). 1H NMR (500 MHz, δ, 23 °C, CDCl3):  7.80 (d, J = 7.96 Hz, 2H), 
7.33 (d, J = 7.54 Hz, 2H), 7.21 (br, 1H), 3.77 (s, 3H), 2.43 (s, 3H) ppm. 13C NMR (125 
MHz, δ, 23 °C, CDCl3): 144.9, 133.5, 129.7, 128.5, 64.95, 21.6 ppm. The recorded spectral 
data are in good agreement with those reported in literature.206 
 
Synthesis of N-methoxy-4-methyl-N-phenylbenzenesulfonamide (II.9). A 20-
mL vial was charged with DCE (0.25 mL), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 0.25 
mL), 1,2-diiodobenzene (5.0 mg, 0.015 mmol, 10 mol%),* CoCl2·6H2O (0.4 mg, 3 µmol, 
2 mol%), compound 18 (30.2 mg, 0.150 mmol, 1.00 equiv), benzene (160 µL, 1.79 mmol, 
                                               
* When 1.0 equivalents of 1,2-diiodobenzene were used, compound II.9 was isolated in 78% yield. 
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12.0 equiv), and trifluoroacetic acid (57.4 µL, 0.750 mmol, 5.00 equiv) and was fitted with 
a rubber septum. The reaction vial was purged with O2 for 5 min and then acetaldehyde 
(11 µL, 0.20 mmol, 1.3 equiv) was added to the reaction mixture. The reaction mixture 
was stirred for 3 h at 23 °C under 1 atm O2 (supplied via a balloon). An additional portion 
of acetaldehyde (11 µL, 0.20 mmol, 1.3 equiv) was added and the reaction mixture was 
stirred for 12 h at 23 °C under 1 atm O2. Solvent was removed in vacuo. The residue was 
dissolved in CH2Cl2 (5 mL), excess solid NaHCO3 was added, the mixture was filtered, 
and solvent was removed in vacuo. The residue was purified by column chromatography 
on SiO2 using a 96:4 hexanes:ethyl acetate eluent to afford 32.4 mg of the title compound 
(78% yield). 1H NMR (δ, 23 °C, CDCl3): 7.43–7.41 (m, 2H), 7.27–7.26 (m, 3H), 7.22–
7.21 (m, 2H), 7.13–7.11 (m, 2H), 3.89 (s, 3H), 2.42 (s, 3H) ppm. 13C NMR (δ, 23 °C, 
CDCl3): 144.7, 140.9, 130.0, 129.6, 129.0, 128.3, 127.5, 123.5, 64.2, 21.7 ppm. The 
recorded spectral data are in good agreement with those reported in literature.206 
 
Robustness analysis for PhI oxidation by aerobic condition. A 20-mL 
scintillation vial was charged with AcOH (2.00 mL), iodobenzene (82.4 mg, 0.400 mmol, 
1.00 equiv), CoCl2·6H2O (1.0 mg, 4.2 µmol, 1.0 mol%) and additive (0.400 mmol, 1.00 
equiv), and the reaction mixture was fitted with a rubber septum. It was then purged with 
O2 for 2–3 min and acetaldehyde (120 µL, 2.13 mmol, 5.32 equiv) was added to the 
reaction vessel, and the reaction mixture was stirred for 12 h at 23 °C under 1 atm O2, 
I I
O2, CH3CHO
CoCl2・6H2O
AcOH
AcO
OAc
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delivered by an inflated balloon. Mesitylene was added to the crude mixture as an internal 
standard and the yield was analyzed by 1H NMR. Data are collected in the Figure II.39. 
 
Robustness analysis for PhI oxidation by peracid condition. A 20-mL 
scintillation vial was charged with AcOH (2.00 mL), iodobenzene (82.4 mg, 0.400 mmol, 
1.00 equiv), additives (0.400 mmol, 1.00 equiv), and m-chloroperbenzoic acid (m-CPBA, 
98.1 mg, 0.440 mmol, 1.10 equiv) and the reaction mixture was stirred for 12 h at 23 °C. 
Mesitylene was added to the crude mixture as an internal standard and the yield was 
analyzed by 1H NMR. Data are collected in the Figure II.39. 
 
Robustness analysis for the C–N cross-coupling in aerobic condition. A 20-mL 
scintillation vial was charged with DCE (0.50 mL), 1,1,1,3,3,3-hexafluoroisopropanol 
(HFIP), N-methoxytosylamide (60.4 mg, 0.300 mmol, 1.00 equiv), 1,2-diiodobenzene 
(10.0 mg, 0.0303 mmol, 10.1 mol%), and CoCl2·6H2O (0.7 mg, 3 µmol, 1 mol%) and the 
reaction mixture was fitted with a rubber septum. Benzene (320 µL, 3.59 mmol, 12.0 
equiv), additive (0.30 mmol, 1.0 equiv), trifluoroacetic acid (TFA) (100 µL, 1.31 mmol, 
4.36 equiv), and acetaldehyde (50 µL, 0.89 mmol, 3.0 equiv) were added to the reaction 
vessel. The reaction mixture was stirred at 23 °C under 1 atm O2, delivered by inflated 
balloon. After 3 h, another portion of acetaldehyde (50 µL, 0.89 mmol, 3.0 equiv) was 
added to the reaction mixture and the reaction mixture was stirred for 12 h at 23 °C under 
I ImCPBA
AcOH
AcO
OAc
N
H
OMeTs +
H
O2, CH3CHO, 
1,2-I2-C6H4 (10 mol%)
CoCl2•6H2O (1 mol%);
TFA, DCE, HFIP, 
23 ºC
N OMeTs
II.8 II.9
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1 atm O2. Mesitylene was added to the crude mixture as an internal standard and was 
analyzed by GC. Data are collected in the Figure II.40. 
 
Robustness analysis for the C–N cross-coupling in peracid condition. A 20-
mL scintillation vial was charged with DCE (0.50 mL), 1,1,1,3,3,3-hexafluoroisopropanol 
(HFIP), N-methoxytosylamide (60.4 mg, 0.300 mmol, 1.00 equiv), 1,2-diiodobenzene 
(10.0 mg, 0.0303 mmol, 10.1 mol%), benzene (320 µL, 3.59 mmol, 12.0 equiv), additive 
(0.30 mmol, 1.0 equiv),  trifluoroacetic acid (TFA) (100 µL, 1.31 mmol, 4.36 equiv), and 
m-CPBA (74.0 mg, 0.330 mmol, 1.10 equiv) were added to the reaction vessel. The 
reaction mixture was stirred at 23 °C under 1 atm O2, delivered by inflated balloon. After 
3 h, another portion of acetaldehyde (50 µL, 0.89 mmol, 3.0 equiv) was added to the 
reaction mixture and the reaction mixture was stirred for 12 h at 23 °C under 1 atm O2. 
1,1,2,2-tetrachloroethane was added to the crude mixture as an internal standard and was 
analyzed by GC. Data are collected in the Figure II.40. 
 
N
H
OMeTs +
H
mCPBA 
1,2-I2-C6H4 (10 mol%)
TFA, DCE, HFIP, 
23 ºC
N OMeTs
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CHAPTER III  
STUDIES ON AEROBIC SYNTHESIS OF HYPERVALENT IODINE(V) 
CHEMISTRY* 
 
III.1 Introduction 
In addition to the synthetic chemistry of hypervalent iodine(III) reagents, which 
can be utilized in diverse oxidation reactions including a-oxidation of carbonyl 
compounds, alcohol and amine dehydrogenations, oxidative dearomatization chemistry, 
olefin functionalization, group transfer chemistry, and transition metal catalysis (discussed 
in Chapter II),143-149 hypervalent iodine(V) reagents find application in complementary 
oxidation chemistry. The most popular I(V) reagents are Dess–Martin periodinane 
(DMP)235, 236 and 2-iodoxybenzoic acid (IBX).237 Their representative chemistry are the 
oxidation of primary and secondary alcohols,235, 236, 238, 239 1,2-240 and 1,4-diols,241, 242 and 
amines,243, 244 as well as the dehydrogenation of carbonyl compounds to generate a,b-
unsaturated carbonyls,245-247 and benzylic C–H bond oxidation.248 Currently, 
iodylbenzenes are prepared by the action of strong chemical oxidants, such as periodate, 
hypochlorite, dimethyldioxirane, or oxone, in strongly acidic conditions,249, 250 or by the 
metal-catalyzed251 or high-temperature252 disproportionation of iodosylbenzenes. There 
have been efforts to develop their chemistry in catalysis in order to achieve more 
                                               
* Data, figures, and text in this chapter were adapted with permission from reference Maity, A.; Hyun, S.-
M.; A. K. Wortman; Powers, D. C. Angew. Chem. Int. Ed. 2018, 57, 7205 –7209, Copyright © 2018 the 
John Wiley and Sons, Inc. Maity, A.; Cardenal, A. D.; Gao, W.-Y.; Ashirov, R.; Hyun, S.-M.; Powers, D. 
C. Inorg. Chem. 2019, 58, 10543–10553, Copyright © 2019, American Chemical Society. 
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sustainable chemistry.253-259 However, the harsh reaction conditions and strong oxidants 
typically employed in the synthesis of I(V) reagents limit the utility of I(V) intermediates 
in catalysis, which has potentially unfavorable impact on sustainability of their chemistry.  
We have developed the aerobic synthesis of aryl iodides and their applications in 
C–H functionalization chemistry, which was discussed in chapter II, and observed I(V) 
reagent 2-(tert-butylsulfonyl)iodylbenzene (III.3a) was synthesized from 2-(tert-
butylsulfonyl)iodobenzene (III.1a, Figure III.1) instead of a corresponding I(III) 
compound 2-(tert-butylsulfonyl)iodosylbenzene (III.2a). From this result, we thought if 
the aerobic oxidation of iodobenzenes could be extended to the synthesis of I(V) reagents, 
the scope of aerobic oxidation chemistry that can be achieved via hypervalent iodine 
intermediates would be substantially expanded. With this goal, Asim demonstrated that 
aerobic synthesis of a family of I(V) compounds under the mild reaction condition. 
Further, using the compound III.3a, the oxidation chemistry analogous to that of DMP 
was achieved in the stoichiometric or the catalytic manners, which is the first application 
of I(V) intermediates in aerobic oxidation catalysis.  
We began to study what factor enabled I(V)-mediated oxidation catalysis. Our 
hypothesis is that facile I(III) disproportionation would enable I(V)-mediated oxidation 
catalysis. We reasoned that facile disproportionation would alleviate the need for harsh 
reaction condition, which are typically needed to generate I(V), but which limit the utility 
of iodylbenzenes in catalysis. Here, we present a mechanistic hypothesis for the aerobic 
synthesis of hypervalent iodine(V) compounds based on kinetics measurement.  
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Figure III.1 (a) Aldehyde-promoted aerobic oxidation can provide access to a variety of iodylbenzene 
derivatives. (b) Application of catalyst III.1a to the oxidation of primary and secondary alcohols, and 1,2- 
and 1,4-diols. 
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III.2 Results and Discussion 
Regarding the mechanism of aryl iodide oxidation, iodylbenzenes could in 
principle be accessed by either serial oxidation of aryl iodides (i.e., oxidation of I(I) to 
I(III) followed by subsequent oxidation of I(III) to I(V)), or via disproportionation of 
initially formed I(III) reagents (i.e., oxidation of I(I) to I(III), followed by 
disproportionation of I(III) to generate equimolar amounts of I(I) and I(V)). To investigate 
the operative pathway for the formation of I(V) species, in situ 1H NMR monitoring of the 
oxidation of 4-iodotoluene (III.1e) and III.1a was performed.  
The kinetics of 4-iodotoluene in CDCl3 showed the initial formation and 
accumulation of ArI(OAc)2, followed by the decrease of I(III) concentration 
simultaneously with the formation of white precipitate (Figure III.2a). Due to lack of the 
solubility of iodylbenzenes in most of organic solvent, the kinetics of I(V) formation could 
not be measured in situ. The synthesis of the corresponding iodyl benzene, ArIO2, was 
done by aerobic oxidation of 4-iodotoluene in dichloroethane (DCE) for extended time 
(16 h) and analyzed by mass spectrometry and NMR in DMSO-d6 after isolation. On the 
other hand, the kinetics measurement of III.1a revealed that the consumption of the aryl 
iodide III.1a and evolution of III.3a without the intermediacy of observable 
iodosylbenzene III.2a (Figure III.2b).  
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Figure III.2 Monitoring the kinetics of the aerobic oxidation of ArI; the consumption of ArI (´) and 
evolution of ArI(OAc)2 or ArIO (+), and ArIO2 ( ) by 1H NMR in CDCl3 (a) 4-iodotoluene (III.1e) and (b) 
2-(tert-butylsulfonyl)iodobenzene, III.1a. 
 
In addition, Density Functional Theory (DFT) calculations — carried out with the 
M06-2X functional221 (basis sets: LANL2DZ260-262 for I, 6-31G(d,p)263, 264 for other atoms) 
and the SMD solvation model217 — indicate that disproportionation of III.2a to generate 
III.1a and III.3a is thermodynamically favored (DG = –8.8 kcal/mol, Figure III.3). The 
DFT results also supported our hypothesis of the oxidation of compound III.1a to III.3a 
via facile disproportionation of I(III). 
 
 
Figure III.3 Disproportionation thermodynamics of III.2a. The thermodynamic parameters are derived 
from DTF calculations carried out with M062X with LANL2DZ for I and 6-31+G** for other atoms. 
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Initially, we proposed that the observation of I(V) was due to AcOH-promoted 
disproportionation of an initially formed iodosylbenzene intermediate based on the 
following observations: (1) in situ monitoring of the oxidation of iodoarene III.1a 
revealed that III.1a and I(V) compound III.3a were the only observable iodine-containing 
species and that I(III) compound III.2a (or 2-tert-butylsulfonyl(diacetoxyiodo)benzene, 
III.4a) was not present in the reaction mixture; and (2) disproportionation of 
independently synthesized iodosylarene III.2a to generate equimolar amount of I(I) and 
I(V) was observed upon addition of AcOH initially (Figure III.4). The proposed acid-
promoted disproportionation was consistent with literature detailing O-bridged 
intermediates in disproportionation reactions in acidic media (Figure III.5).190, 265  
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Figure III.4 1H NMR spectra of III.1a, III.2a, and III.3a. The 1H NMR spectrum obtained following 
treatment of III.2a with AcOH indicates that disproportionation of I(III) to afford I(V) and I(I) derivatives 
is facile. 
 
 
Figure III.5 (a) The suggested disproportionation mechanism of iodosylbenzene from references 190 and 
265, and (b) The proposed mechanism of an acid-mediated disproportionation of III.2a. 
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During subsequent investigations of the reaction chemistry of III.2a with AcOH, 
we observed that in contrast to the observed disproportionation, bis-acetate III.4a formed 
in the presence of AcOH, and this species appears to be resistant to disproportionation 
(Figure III.6). To clarify the divergent results regarding the disproportionation of III.2a, 
we pursued the careful examination of impurities in III.2a depending on the synthetic 
procedures. 
 
 
Figure III.6 Exposure of iodosylarene III.2a to AcOH affords bis-acetate III.4a. 
 
Initially, we prepared III.2a by treatment of III.1a with KClO3 and HCl (Method 
A, Figure III.7a) and then 5 M NaOH to generate III.2a, due to concerns regarding the 
safety of the originally reported procedure using H2O2 and Ac2O by Protasiewicz.266, 267 
In our hand, Method A provided an analytically pure sample of III.2a (assayed by 
combustion analysis). Despite the apparent purity of the samples obtained by this method, 
we found that samples of III.2a prepared by Method A exhibit substantial variation with 
respect to disproportionation rate ranging from less than a minute to 6 h. In addition, the 
material appeared to be light sensitive, showing accelerated disproportionation when 
exposed to ambient light.  
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Figure III.7 (a) Two preparation methods of III.2a synthesis. (b) EPR spectra obtained following PBN 
addition to III.2a prepared by Method B (black), III.2a by Method B with added KClO3 (red), III.2a 
prepared by Method A (blue), and KClO3 (green). (c) Simulated EPR components: Experimentally obtained 
spectrum following PBN addition to III.2a prepared by Method B with added KClO3 (black line), spectral 
simulation as admixture of oxidized PBN and hydroxy radical adduct (red line), simulated PBN-adduct of 
hydroxyl radical (blue line), and simulated spectrum for oxidized PBN (green line). 
 
We speculated that the unpredictable disproportionation rates displayed by 
samples of III.2a prepared by Method A may be due to the presence of a trace impurity 
in the reagent that is not detected by combustion analysis. To evaluate the potential 
presence of impurities in the samples of III.2a, we pursued EPR and mass spectrometry-
based experiments. Exposure of a sample of III.2a prepared by Method A to PBN, which 
is a commonly used EPR spin trap,167 in CDCl3 results in the EPR spectrum shown in 
Figure III.7b, which can be fit as the admixture of the spectrum of oxidized PBN as well 
as the spectrum of the PBN adduct of hydroxy radical (Figure III.7c). These observations 
are consistent with the presence of a trace quantity of chlorate that was not removed 
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despite extensive washing; UV irradiation of chlorate has been reported to promote a 
variety of radical-generating processes.268  
On the basis of the hypothesis that trace impurities associated with KClO3 were 
leading to the irreproducible disproportionation behavior of III.2a, we modified the 
synthetic protocol as follows: Cl2 was bubbled through a solution of III.1a in CCl4; the 
resulting solid was isolated and then treated with 5 M NaOH solution (Method B, Figure 
III.7a). The resulting samples of III.2a display reproducible disproportionation chemistry 
(vide infra). Exposure of material prepared by Method B to PBN did not give rise to an 
observable EPR signal (Figure III.7b). Addition of KClO3 to the sample of III.2a prepared 
from Method B led to the evolution of an EPR spectrum (Figure III.7b) that overlays the 
spectrum obtained from Method A (Figure III.7b).  
Regarding the formation of iodylarene III.3a by aldehyde-promoted aerobic 
oxidation, the above experimental data suggest that our original proposal of acid-promoted 
disproportionation of III.2a was based on the irreproducible disproportionation kinetics 
of material prepared by Method A. Thus, we tested other components in the aldehyde-
promoted aerobic oxidation conditions. First, we started from the addition of the isolable 
reaction components of aldehyde-promoted aerobic oxidation to bis-acetate III.4a, the 
expected initial product of aerobic oxidation of III.1a, to determine the cause of 
disproportionation. Acetaldehyde, acetic acid, CoCl2, and Co(OAc)3, do not induce 
disproportionation of bis-acetate III.4a. Additionally, exposure of an independently 
prepared sample of I(III) compound III.4a to aldehyde-promoted aerobic oxidation (O2, 
CH3CHO, and Co(II) in AcOH-d4) resulted in the observation of both iodylarene III.3a 
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and iodoarene III.1a by 1H NMR (Figure III.8a). The presence of iodoarene III.1a during 
the aerobic oxidation of III.4a suggests that a disproportionation mechanism may be 
operative.  
 
 
Figure III.8 Mol fraction of iodoarene III.1a (´), bis-acetate III.4a (´), and iodylbenzene III.3a (´) as a 
function of time for (a) aerobic oxidation of bis-acetate III.4a in presence of acetaldehyde and CoCl2×6H2O 
and (b) oxidation of III.1a by AcOOH in AcOH-d4 at 23 °C. 
 
Lastly, monitoring the oxidation of iodoarene III.1a with commercially available 
32 wt% peracetic acid by 1H NMR revealed (i) two-phase kinetic behavior due to the 
presence of H2O2 in commercially available peracetic acid solutions (Figure II.12) and (ii) 
initial buildup and subsequent consumption of bis-acetate III.4a (Figure III.8b). During 
the initial phase, H2O2 reduces the I(III) (i.e., either III.2a or III.4a) formed by peracetic 
acid to regenerate iodoarene III.1a and 1O2 (observed as small bubbles).173, 174 After the 
initial kinetic phase, accumulation of III.4a was observed, which is then further oxidized 
to iodylarene III.3a. Given (i) the oxidation of III.1a by peracetic acid resulted in the bis-
acetate III.4a as initial product rather than iodyl benzene III.3a, which is the only 
observable product in aldehyde-promoted aerobic oxidation of iodoarene III.1a and (ii) 
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the presence of a minor radical impurity causes enhanced disproportionation of III.2a, we 
could hypothesize that radical species present in aldehyde-promoted aerobic oxidation 
cause the facile disproportionation of III.2a.  
From the literature, H2O is also suggested as a key component of 
disproportionation via week coordination to iodine(III) center, which make it good leaving 
group in the process of disproportionation through the O-bridged dimer (Figure III.5).190, 
265 We could not investigate the mechanism of disproportionation in aerobic synthesis of 
I(V) compounds, but we propose that radical species in the aldehyde-promoted aerobic 
oxidation of ArI and weekly coordinating 2-substitutents lead to the facile 
disproportionation. 
 
III.3 Conclusion 
In summary, we demonstrated the first aerobically generated I(V) reagents and the 
application in in substrate oxidation chemistry, which is analogous to DMP oxidation 
chemistry, such as oxidation of alcohols, diols, and amines. Further, we studied how we 
could achieve oxidation catalysis via aerobically generated I(V) through 1H NMR kinetics 
measurements. 1H NMR kinetics measurement showed aryl iodides with weakly 
coordinating 2-substituents (for example, III.1a–c) are labile to disproportionation under 
aerobic oxidation conditions in contrast to other aryl iodides, such as 4-iodotoluene. 
Further study revealed minor radical impurities from independent synthesis of 
iodosylbenzene III.2a using ClO4– can also facilitate the disproportionation. In addition, 
literature reports suggest that weak ligation of H2O to iodine (III) center is important in 
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acid-promoted disproportionation mechanism via the O-bridged dimer. Given the 
experimental observations and the literature suggestions, we propose that radical species 
in the aldehyde-promoted aerobic oxidation of ArI and weekly coordinating 2-
substitutents enable the achievement of aerobic catalysis of I(V) via disproportionation. 
 
III.4 Experimental Details 
III.4.1 General Considerations 
Materials All chemicals and solvents were obtained as ACS reagent grade and 
used as received. Iodobenzene and thiophenol were obtained from Beantown Chemical. 
Acetaldehyde, and potassium chlorate (KClO3) were obtained from Alfa Aesar. 
1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) was obtained from Matrix Scientific. 
Hydrochloric acid was purchased from Macron Fine Chemicals. Mesitylene, N-tert-butyl-
α-phenylnitrone (PBN), CoCl2⋅6H2O, 4-iodotoluene, 1,2-dichloroethane (DCE), tert-
butanol, diethyl ether, methanol, hexanes, peracetic acid (32 wt% solution), acetic acid, 
AcOH-d4, iodine, and 4,4′-bipyridine were obtained from Sigma Aldrich. Perchloric acid 
(70%) was obtained from BDH chemicals. Silica gel (0.060–0.200 mm, 60 Å for column 
chromatography) was obtained from Acros Organics. Sodium hydroxide and ethyl acetate 
were obtained from EMD Millipore. CH2Cl2 and acetonitrile were obtained from Fisher 
Scientific. NMR solvents were purchased from Cambridge Isotope Laboratories and were 
used as received. O2 (99.6%) was obtained from Conroe Welding Supply. The 
experimental details of the kinetics of 4-iodotoluene in CDCl3 are written in the chapter 
II. All reactions were carried out under ambient atmosphere unless otherwise noted.  
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Characterization Details NMR spectra were recorded on a Mercury 300 FT 
NMR, a Bruker 400 FT NMR, an Inova 500 FT NMR, a Varian VNMRS 500 FT NMR, 
or a Bruker AscendTM 400 NMR for 1H acquisitions and were referenced against solvent 
signals: CDCl3 (7.26 ppm, 1H), acetic acid-d4 (2.04 ppm, 1H), and DMSO-d6 (2.50 ppm, 
1H).210 1H NMR data are reported as follows: chemical shift (δ, ppm), (multiplicity: s 
(singlet), d (doublet), t (triplet), m (multiplet), br (broad), integration). Mass spectra were 
recorded on Q Exactive™ Focus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer from 
ThermoFisher Scientific. EPR spectra were recorded at X-band (9.38 GHz) on a Bruker 
ELEXSYS spectrometer at 23 °C in 2 mm EPR tubes. EPR simulations were performed 
with EasySpin (version 5.2.17) using the “garlic” function.212  
III.4.2 Synthesis and Experimental Details 
 
Synthesis of tert-butyl(phenyl)sulfane. A 250-mL round-bottomed flask was 
cooled with an ice bath and was then charged with acetic acid (20.0 mL), perchloric acid 
(70% solution, 7.0 mL), and acetic anhydride (12.0 mL). The resulting solution was stirred 
at 0 °C for 20 min. Thiophenol (10.3 mL, 100 mmol, 1.00 equiv), tert-butanol (11.3 mL, 
120 mmol, 1.20 equiv), and acetic acid (15.0 mL) were added to the reaction mixture and 
the reaction mixture was allowed to warm to 23 °C and was stirred overnight. The reaction 
mixture was poured into 100 mL of brine and extracted with diethyl ether (3 ´ 100 mL). 
The organic layers were combined, washed with saturated NaHCO3 aqueous solution 
(until evolution of CO2 ceased) and water (100 mL), and were dried over Na2SO4. The 
SSH
t–BuOH
70% HClO4
Ac2O, AcOH
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solvent was removed in vacuo and the residue was purified by SiO2 chromatography (1:9 
ethyl acetate:hexanes) to afford the title compound as a colorless oil (13.8 g, 83% yield). 
1H NMR (δ, 23 °C, CDCl3): 7.54 (d, J = 7.1 Hz, 2H), 7.34 (d, J = 7.3 Hz, 3H), 1.29 (s, 
9H). The obtained spectral data is well-matched to that reported in the literature.269 
 
Synthesis of (tert-butylsulfonyl)benzene. A 500-mL round-bottomed flask was 
charged with tert-butyl(phenyl)sulfane (7.10 g, 42.7 mmol, 1.00 equiv) and methanol (150 
mL), and was cooled to 0 °C with an ice bath. A solution of Oxone (27.5 g, 89.5 mmol, 
2.09 equiv) in water (150 mL) was added to the reaction mixture in one portion. The 
reaction mixture was allowed to warm to 23 °C and was stirred for 2 h. Methanol was 
removed under reduced pressure. Water (100 mL) was added and the aqueous phase was 
extracted with diethyl ether (3 ´ 100 mL). The combined organic layers were washed with 
brine (3 ´ 100 mL) and dried over Na2SO4. Solvent was removed in vacuo and the residue 
was purified by SiO2 chromatography (eluent of 20% ethyl acetate in hexanes) to afford 
the title compound as white solid (6.7 g, 80% yield). 1H NMR (δ, 23 °C, CDCl3): 7.90–
7.88 (m, 2H), 7.65–7.63 (m, 1H), 7.55 (t, J = 7.6 Hz, 2H), 1.34 (s, 9H). The obtained 
spectral data is well-matched to that reported in the literature.269 
 
Synthesis of 2-(tert-butylsulfonyl)iodobenzene (III.1a). A 250-mL Schlenk 
flask was charged with tert-butylsulfonylbenzene (4.08 g, 20.6 mmol, 1.00 equiv) and 
S Oxone
MeOH, H2O
SO2tBu
I
SO2tBuSO2tBu
1) n–BuLi
THF, –78 ℃
2) I2, THF
 –78 ℃ to 23 ℃
III.1a
 
 116 
THF (30 mL) and was cooled to –78 °C. To this solution, n-BuLi (2.45 (M) in hexanes, 
12.0 mL, 29.4 mmol, 1.42 equiv) was added dropwise. The reaction mixture was stirred 
at –78 °C for 1 h before a solution of I2 (8.10 g, 31.8 mmol, 1.54 equiv) in THF (30 mL) 
was added. The reaction mixture was allowed to warm to 23 °C at which temperature it 
was stirred for 16 h. The solvent was removed in vacuo. Saturated aqueous NH4Cl (50 
mL) and dichloromethane (50 mL) were added to the residue. The layers were separated. 
and the aqueous layer was extracted with CH2Cl2 (2 ´ 50 mL). The organic layers were 
combined, washed with saturated aqueous Na2S2O3 solution, and dried with MgSO4. The 
solvent was removed in vacuo and the residue was purified by SiO2 chromatography (1:4 
ethyl acetate:hexanes) to afford the title compound (III.1a) as a white solid (5.8 g, 83% 
yield). 1H NMR (δ, 23 °C, CDCl3): 8.18 (d, J = 7.9 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 7.55 
(t, J = 8.3 Hz, 1H), 7.26–7.22 (m, 1H), 1.43 (s, 9H). The obtained spectral data is well-
matched to that reported in the literature.270 
Synthesis of 2-(tert-butylsulfonyl)iodosylbenzene (III.2a) 
 
Method A. Method A for the synthesis of compound III.2a is based on a literature 
procedure.270 A 10-mL round-bottomed flask was charged with 2-(tert-
butylsulfonyl)iodobenzene (III.1a, 300 mg, 0.925 mmol, 1.00 equiv), CCl4 (1.00 mL), 
and conc. HCl (~0.70 mL), and was cooled to 0 °C with an ice-bath. The reaction mixture 
was vigorously stirred while KClO3 (170 mg, 1.39 mmol, 1.50 equiv) was added in 
ICl2
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portions over 15 minutes. The reaction was stirred for 3 h at 0 °C. The observed solids 
were isolated by filtration and were washed with ice-cold, aqueous HCl (0.1 M, 10 mL) 
and ice-cold water (25.0 mL) to afford pale yellow powder as product, which was used for 
the next step without further purification.  
A 10-mL round-bottomed flask was charged with the solid obtained from the 
previous step and cooled to 0 °C with an ice bath. An aqueous NaOH solution (5 M, 1.50 
mL) was added dropwise. The reaction mixture was stirred for 30 min at 0 °C before 2 
mL of water was added. The reaction mixture was then warmed to 23 °C and stirred for 
16 h. The obtained solids were isolated by vacuum filtration, washed with ice-cold water 
(30 mL), and ice-cold diethyl ether (30 mL) to afford 1 as bright-yellow solid (128 mg, 
40% yield). Elemental Analysis (EA) for [C10H13IO3S]: calcd. C, 35.31; H, 3.85; found C, 
35.24%; H, 3.81. 1H NMR (δ, 23 °C, CDCl3): 8.10 (d, J = 8.1 Hz, 1H), 7.91–7.87 (m, 2H), 
7.65 (t, J = 7.5 Hz, 1H), 1.42 (s, 9H). The obtained spectrum matches well with the 
literature reported values.270 
 
Method B. A 10-mL round-bottomed flask was charged with 2-(tert-
butylsulfonyl)iodobenzene (III.1a, 320 mg, 0.987 mmol, 1.00 equiv) and CCl4 (1.00 mL) 
and was cooled to 0 °C with an ice-bath. In a separate three-necked round-bottomed flask, 
conc. HCl (3.00 mL) was added slowly to solid KClO3 (726 mg, 5.95 mmol, 6.02 equiv). 
The generated Cl2 gas was transferred to the CCl4 solution containing 2-(tert-
butylsulfonyl)iodobenzene (III.1a) using Tygon tubing and glass fittings. This process 
ICl2
SO2tBu
I
SO2tBu
Cl2 (g)
CCl4
I
O
O
S
O
tBu
III.1a III.2a
NaOH
 
 118 
was repeated two more times producing a bright yellow solid. The obtained solids were 
isolated by filtration, washed with cold water (25 mL), and used in the next reaction 
without further purification. 
A 10-mL round-bottomed flask was charged with the yellow solid obtained from 
the previous step and was cooled to 0 °C with an ice bath. An aqueous NaOH solution (5 
M, 1.50 mL) was added to the reaction vessel dropwise. The reaction mixture was stirred 
for 30 min at 0 °C before 2 mL of water was added. The reaction mixture was then warmed 
to 23 °C and stirred for 16 h. The obtained solids were isolated by vacuum filtration and 
were washed with ice-cold water (25 mL) and ice-cold diethyl ether (25 mL) to afford 1 
as yellow solid (147 mg, 43% yield). Elemental Analysis (EA) for [C10H13IO3S]: calcd. 
C, 35.31; H, 3.85; found C, 35.39; H, 3.76. 1H NMR (δ, 23 °C, CDCl3): 8.10 (d, J = 8.1 
Hz, 1H), 7.91–7.87 (m, 2H), 7.65 (t, J = 7.5 Hz, 1H), 1.42 (s, 9H). The obtained spectrum 
matches well with the literature reported values.270 
III.4.3 Kinetics Experiment 
 
Measurement of aerobic oxidation kinetics of 2-(tertbutylsulfonyl) 
iodobenzene in CDCl3. A 20-mL scintillation vial was charged with CDCl3 (4 mL), 2-
(tert-butylsulfonyl)iodobenzene (III.1a, 0.130 g, 0.401 mmol, 1.00 equiv), and 
CoCl2×6H2O (1.0 mg, 4.20 µmol, 1 mol%), and fitted with a rubber septum. 1,1,2,2-
Tetrachloroethane (20 µL, 0.189 mmol) was added to the reaction mixture as internal 
standard. The reaction vessel was purged with O2 for 5 min. An aliquot (0.200 mL) was 
CH3CHO, O2
CoCl2•6H2O (1.0 mol%)
CDCl3, 23 ℃
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removed and the 1H NMR spectrum was recorded. Acetaldehyde (245 µL, 4.03 mmol, 
10.0 equiv) was added to the reaction vessel and the reaction mixture was stirred at 23 °C 
under 1 atm O2, delivered by inflated balloon. Aliquots (0.200 mL) were removed 
periodically for 1H NMR analysis. Monitoring was continued until the reaction had 
reached completion, as evidenced by the disappearance of 1H NMR resonances 
attributable to iodobenzene. Data are collected in Figure III.2b. 
  
Aldehyde promoted aerobic oxidation of 2-tert-butylsulfonyl(diacetoxyiodo)-
benzene (III.4a). To synthesize 2-tert-butylsulfonyl(diacetoxyiodo)benzene (III.4a) 
freshly prepared 2-tert-butylsulfonyliodosylbenzene (III.2a, 20 mg, 0.059 mmol, 1.0 
equiv), prepared via Method B, was treated with AcOH-d4 (1.0 mL). To this solution was 
added CoCl2×6H2O (0.50 mg, 3.5 mol%) and the reaction vessel was purged with O2 for 5 
min. Acetaldehyde (50.0 µL, 0.880 mmol, 14.1 equiv) was added to the reaction vessel 
and the reaction was stirred under 1 atm O2, delivered by inflated balloon, at 23 °C. The 
progress of the reaction was monitored via 1H NMR with DCE (25 mg, 0.25 mmol) 
utilized as an internal standard. The concentrations of the reaction components were 
determined using the peaks at 8.37 ppm (d, J = 7.9 Hz, 1H) for 2-tert-
butylsulfonyl(diacetoxyiodo)benzene (III.4a), 8.73 ppm (d, J = 8.0 Hz, 2H) for 2-tert-
butylsulfonyliodylbenzene (III.3a), and 7.32 ppm (t, J = 7.5 Hz, 1H) for 2-tert-
butylsulfonyliodobenzene (III.1a). Data are collected in Figure III.8a. 
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Oxidation of III.1a with peracetic acid. An NMR tube was charged with d4-
AcOH (0.70 mL) and 2-tert-butylsulfonyliodobenzene (III.1a, 64 mg, 0.20 mmol, 1.0 
equiv). The 1H NMR spectrum was recorded. To the NMR solution, peracetic acid (32 
wt%, 0.050 mL, 0.24 mmol, 1.2 equiv) was added. The reaction mixture was shaken, re-
inserted into the NMR probe, and reaction progress was monitored via 1H NMR. To plot 
the kinetics of the reaction the peak at 8.37 ppm (d, J = 7.9 Hz, 1H) for 2-tert-
butylsulfonyl(diacetoxyiodo)benzene (III.4a), the peak at 8.73 ppm (d, J = 8.0 Hz, 2H) 
for 2-tert-butylsulfonyliodylbenzene (III.3a) and the peak at 7.32 ppm (t, J = 7.5 Hz, 1H) 
for 2-tert-butylsulfonyliodobenzene (III.1a) were integrated. At each time point analyzed, 
the total mol fraction of all three components is taken to be 1 and the corresponding mol 
fraction for each individual component is represented as the contribution of that 
component to the mixture. Data are collected in Figure III.8b. 
III.4.4 Computational Data 
Computational details. Calculations were performed using the Gaussian 09, 
Revision D.01 suite of software.219 Various basis sets and functionals were evaluated for 
geometry optimization and results were compared against crystallographically determined 
structures of III.2a and III.3a.271 In each case, stationary points were characterized with 
frequency calculations using the same basis set and functional used for the geometry 
optimization. M062X geometries (LANL2DZ basis set for I, 6-31+G** for other atoms) 
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reproduced experimental metrical parameters. Optimizations and frequency calculations 
were carried out using an SMD solvation model. Both dichloromethane and nitromethane 
solvation were evaluated and the identity of the solvent was found to have negligible 
impact on the resulting geometries and disproportionation thermodynamics.  
Gas-phase geometry optimizations and TD-DFT calculations were carried out 
using an SDD basis set for Rh and 6-31G* for all other atoms.264, 272 Single-point solvent 
corrections (THF) were carried out using a Polarizable Continuum Model using the 
integral equation formalism variant. B3LYP geometries well reproduced experimental 
metrical parameters, obtained by X-ray crystallography (tabulated in Tables III.1–5) and 
provided similar structural parameters as optimizations carried out with either M06221, 273 
or M06-L274 functionals. 
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Table III.1 Comparison of experimental metrical parameters for I(III) compound III.2a with optimized 
structures using various basis sets and functionals.The best agreement between experiment and theory was 
obtained using the M062X functional, LANL2DZ basis set for I, and 6-31+G** for all other atoms. 
 
 
 Experimental A* B† C‡ D§ 
I–O(1) 1.848(6) 1.9363 1.90703 1.87669 1.85825 
I–O(2) 2.707(5) 2.8089 2.80428 2.81286 2.80589 
I–C 2.128(7) 2.1913 2.17896 2.14103 2.11909 
S–O(2) 1.441(5) 1.4935 1.49378 1.47950 1.45396 
S–O(3) 1.425(5) 1.4801 1.48018 1.46691 1.44234 
C–I–O(1) 94.8(3) 95.6986 95.90032 95.16019 97.31658 
O(2)–I–O(1) 167.3(2) 167.7664 168.04528 167.28958 169.58619 
 
  
                                               
* Conditions A: B3LYP with sdd for I and 6-31+G** for other atoms. Similar computations have previously 
been utilized to compute hypervalent iodine geometries and energies: Ling, L.; Liu, K.; Li, X.; Li, Y. ACS 
Catal. 2015, 5, 2458–2468. 
† Conditions B: B3LYP with LANL2DZ for I and 6-31+G** for other atoms.  
‡ Conditions C: M062X with LANL2DZ for I and 6-31+G** for other atoms. 
§ Conditions D: M062X with (aug-)cc-pVTZ for I, (aug-)cc-pV(X+d)Z for S, and (aug)cc-pVTZ for other 
atoms. Similar computations have previously be utilized to compute hypervalent iodine geometries and 
energies: Jiang, H.; Sun, T.-Y.; Wang, X.; Xie, Y.; Zhang, X.; Wu, Y.-D.; Schaefer, H. F., III. Org. Lett. 
2017, 19, 6502–6505. 
I
O(1)
O(2)
S
O(3)
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Table III.2 Comparison of experimental metrical parameters for I(V) compound III.3a with optimized 
structures using various basis sets and functionals. The best agreement between experiment and theory was 
obtained using the M062X functional, LANL2DZ basis set for I, and 6-31+G** for all other atoms. 
 
 Experimental A B C D 
I–O(1) 1.796(2) 1.8482 1.82929 1.79914 1.79913 
I–O(2) 1.822(2) 1.8439 1.82738 1.79715 1.79649 
I–O(3) 2.693(2) 2.8024 2.78872 2.73815 2.76880 
I–C 2.140(4) 2.2359 2.21555 2.15551 2.13711 
S–O(3) 1.455(3) 1.4862 1.49441 1.48109 1.45548 
S–O(4) 1.439(3) 1.4706 1.47830 1.46494 1.44081 
C–I–O(1) 95.1 93.0508 94.06264 93.85952 95.70322 
O(2)–I–O(1) 166.1 155.4518 163.45711 166.0360 163.99788 
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Table III.3 Coordinates for optimized geometry of III.1a using SMD solvation model (CH2Cl2). 
Atom X Y Z 
C 0.726764 2.412046 –0.304257 
C 0.242902 1.097638 –0.321072 
C –1.087228 0.836802 0.030703 
C –1.902969 1.904466 0.416929 
C –1.411445 3.206614 0.444436 
C –0.094069 3.465954 0.076918 
H 1.753998 2.596456 –0.600812 
H –2.935815 1.713764 0.688149 
H –2.068680 4.016463 0.745635 
H 0.294550 4.478750 0.082735 
I –2.055217 –1.051291 –0.003107 
S 1.473066 –0.129050 –0.817082 
O 2.466127 0.597831 –1.623741 
O 0.801403 –1.281112 –1.429769 
C 2.317727 –0.684268 0.718356 
C 3.394979 –1.659747 0.236214 
H 3.921288 –2.036803 1.118645 
H 2.958222 –2.510785 –0.293518 
H 4.121109 –1.164831 –0.414107 
C 1.308801 –1.379495 1.625245 
H 0.853445 –2.244325 1.135837 
H 1.843763 –1.726463 2.515469 
H 0.518479 –0.697140 1.954340 
C 2.942584 0.528526 1.403318 
H 3.602153 1.078384 0.726328 
H 3.541414 0.165208 2.244713 
H 2.184986 1.209569 1.801901 
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Table III.4 Coordinates for optimized geometry of sulfone III.2a using SMD solvation model (CH2Cl2). 
Atom X Y Z 
C –1.008420 2.430924 –0.319947 
C –0.482769 1.137608 –0.330532 
C 0.856727 0.922554 –0.020216 
C 1.672528 1.984609 0.342600 
C 1.139630 3.273978 0.375558 
C –0.193064 3.500956 0.036407 
H –2.047086 2.589467 –0.595306 
H 2.715098 1.788465 0.586232 
H 1.778014 4.106022 0.655760 
H –0.598247 4.507208 0.044782 
I 1.864058 –0.964941 –0.101790 
S –1.582266 –0.197263 –0.777477 
O –0.706803 –1.317252 –1.187478 
O –2.556972 0.321337 –1.743300 
C –2.482466 –0.708070 0.737721 
C –3.434413 –1.813549 0.272901 
H –3.968126 –2.183151 1.153848 
H –4.168690 –1.434612 –0.442568 
H –2.891833 –2.650573 –0.175364 
C –3.253289 0.492708 1.280857 
H –3.896944 0.938916 0.517356 
H –3.890520 0.137791 2.097061 
H –2.585501 1.257629 1.687381 
C –1.467976 –1.232937 1.748789 
H –0.939487 –2.110929 1.368123 
H –2.016360 –1.526154 2.649685 
H –0.740420 –0.466143 2.036174 
O 3.475321 –0.327650 0.619092 
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Table III.5 Coordinates for optimized geometry of sulfone III.3a using SMD solvation model (CH2Cl2). 
Atom X Y Z 
C –1.239045 2.401194 –0.436195 
C –0.640275 1.146903 –0.345548 
C 0.680849 1.027907 0.074338 
C 1.415412 2.149765 0.420937 
C 0.814111 3.408165 0.341140 
C –0.503514 3.534260 –0.091216 
H –2.265014 2.485861 –0.782250 
H 2.446249 2.034879 0.749074 
H 1.386640 4.290242 0.609178 
H –0.963242 4.514120 –0.166328 
I 1.800091 –0.813989 0.104857 
S –1.617721 –0.286919 –0.768901 
O –0.631448 –1.360761 –1.029206 
O –2.553109 0.091115 –1.831064 
C –2.570911 –0.769462 0.722086 
C –3.392818 –1.983515 0.278814 
H –3.948390 –2.343125 1.150243 
H –4.109395 –1.715341 –0.501833 
H –2.753853 –2.794803 –0.080820 
C –3.473020 0.391945 1.128723 
H –4.102756 0.720635 0.297236 
H –4.127307 0.040809 1.932758 
H –2.899659 1.241703 1.510341 
C –1.578871 –1.134439 1.822094 
H –0.948780 –1.979335 1.529500 
H –2.152113 –1.429002 2.706580 
H –0.947620 –0.285207 2.106779 
O 3.191316 –0.095637 0.991068 
O 2.342295 –0.895422 –1.606610 
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CHAPTER IV  
DESIGN AND STRUCTURAL STUDY OF MULTIMETALLIC TRANSITION 
COMPLEX FOR SMALL MOLECULE ACTIVATION* 
 
IV.1 Introduction 
Many important multi-electron small molecule conversion processes in Biology 
— such as dinitrogen fixation by nitrogenases,94, 275, 276 water oxidation by photosystem 
II,277 H2 and proton interconversion by hydrogenases,278 methane oxidation by methane 
monooxygenases,11, 24, 25 and carbon dioxide reduction by Ni,Fe-CODHases,279, 280 — are 
accomplished in enzyme active sites that house polynuclear clusters of proximal transition 
metal ions.281 Similarly, high-nuclearity sites at step edges and related defects have been 
identified as reactive sites in many heterogeneous processes.282-286 In an effort both to 
better understand the intimate details of potential cooperation within polynuclear 
transition metal complexes as well as to harness the unique reactivity of high nuclearity 
sites for applications such as catalysis, substantial effort has been directed towards the 
synthesis of multinuclear transition metal complexes that either resemble geometric or 
functional features of biological catalysts101, 287-289 or explore new ligand platforms, 
geometries, and electronic structures.102-108, 290-294 
                                               
*  Data, figures, and text in this chapter were adapted with permission from reference Hyun, S.-M.; 
Upadhyay, A.; Burns, C. P.; Sung, S.; Das, A.; Beaty, J. D.; Nippe, M.; Powers, D. C. Chem. Commun. 
2020, 56, 5893–5896. Copyright © 2020 the Royal Chemical Society. 
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Achieving predictive control over the aggregation size and geometry is a major 
obstacle to the rational synthesis of polynuclear complexes with desired aggregation size 
and geometry.295-297 One common approach that addresses this concern and that has been 
especially widely used for the preparation of trinuclear transition metal (TM) complexes, 
is the utilization of a central templating ion (such as a µ3-O2- ion) around which a 
polynuclear metal core can be stabilized (as in cores of Ru3(µ3-O), Fe3(µ3-O), Cr3(µ3-
O)).298, 299 Alternatively, finely-tuned, geometrically constrained, polydentate ligands can 
be used to exert control over critical structural aspects of polynuclear complexes. For 
example, the use of hexadentate ligands has proven successful in the preparation of 
trinuclear TM species, such as the tri-iron complexes reported by Murray and Betley (see 
left and right in Figure III.1).103, 292-294 More recently, ion exchange of lattice ions within 
metal-organic frameworks (MOFs) has been advanced as a strategy to control the 
aggregation size and geometry in the context of heterogeneous systems.300-302 
 
 
Figure IV.1 Comparison of recent examples of ligand-supported Fe3 complexes. 
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Here we describe the synthesis of a new hexadentate ligand, tris(5-(pyridin-2-yl)-
1H-pyrrol-2-yl)methane (IV.1). Careful control of the metalation conditions provides 
access to either mononuclear (i.e., Na(THF)4[Fe(LIV.1)], IV.2) or trinuclear (i.e., 
Fe3(LIV.1)2, IV.3a, middle in Figure IV.1) complexes. Each of the ferrous ions in the 
ligand-supported trinuclear complex VI.3a displays an unusual cis-divacant octahedral 
geometry. Further, we demonstrate that treatment of the mononuclear complex VI.2 with 
either FeCl2 or ZnCl2 results in the formation of homometallic (i.e., Fe3) and 
heterobimetallic (i.e., Fe2Zn) trinuclear platforms. Modular synthesis of isostructural, 
metal-ion substituted trinuclear complexes provides a powerful strategy to accessing 
systematically varied molecular clusters. 
 
IV.2 Result and discussion 
The synthesis of IV.1 was accomplished by Pd-catalyzed cross-coupling of 
(pyrrolyl)zinc chloride with 2-bromopyridine afforded 2-(1H-pyrrol-2-yl)pyridine (IV.4), 
which was subsequently condensed with 1/3 equivalent of triethylorthoformate (Figure 
IV.2). The 1H NMR (Figure IV.3) spectrum, two-dimensional correlated spectroscopy 
(COSY) data (Figure IV.4), and 13C NMR spectrum (Figure IV.5) are consistent with the 
structure of IV.1, and high-resolution mass spectrometry confirms the molecular formula 
of IV.1 (HRMS (ESI+) [M+Na]+ calcd. 465.1798; expt. 465.1801).  
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Figure IV.2 Synthesis of tris(2-(2’-pyridyl)-pyrrolyl)methane (IV.1). TMS = trimethylsilyl; JohnPhos = (2-
Biphenyl)di-tert-butylphosphine. 
 
 
Figure IV.3 1H NMR spectrum of IV.1 measured in CDCl3 at 23 °C; CDCl3, solvent (CH2Cl2), and grease 
peaks are marked with *. 
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Figure IV.4 COSY spectrum of IV.1 measured in CDCl3 at 23 °C. 
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Figure IV.5 13C NMR spectrum of IV.1 measured in CDCl3 at 23 °C; CDCl3 peak is marked with *. 
 
Deprotonation of IV.1 with NaHMDS at –50 °C followed by treatment with FeCl2 
at 23 °C affords a dark orange solution from which a red-orange crystalline solid was 
obtained by partial concentration and cooling to –35 °C (Figure IV.6a; HMDS = 
hexamethyldisilazide). 1H NMR analysis of the resulting red-orange compound indicates 
that the three-fold symmetry of the ligand is maintained; seven paramagnetically shifted 
resonances are observed between –6.1 and 136.2 ppm and integrate as expected for the 
triply deprotonated form of the ligand (Figure IV.7). The electronic absorption spectra 
display absorbances at 285 nm (3.0 ´ 104 M-1cm-1), 322 nm (2.6 ´ 104 M-1cm-1), 382 nm 
(1.2 ´ 104 M-1cm-1), 496 nm (2.1 ´ 103 M-1cm-1), and 614 nm (4.9 ´ 102 M-1cm-1) (Figure 
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IV.8). The 57Fe Mössbauer spectrum displays a single doublet with an isomer shift (d) of 
0.835 mm/s and a quadrupole splitting ½DEQ½ of 2.171 mm/s (Figure IV.6b). Charge 
balance of three Fe2+ with two triply deprotonated ligands might be expected to give rise 
to a trinuclear structure (IV.3a). Consistent with such a trinuclear formulation, mass 
spectrometry (MALDI-TOF-MS) indicates the presence of a molecular ion with a mass of 
1046.058 ([M]+ calcd. 1046.139; Figure IV.9).  
 
 
Figure IV.6 Synthesis and characterization of IV.3a. (a) Deprotonation of IV.1 with NaHMDS followed by 
metalation with FeCl2 at 23 °C affords trinuclear complex IV.3a in 58% yield. (b) 57Fe Mössbauer spectrum 
of IV.3a at 100 K which displays a single quadrupole doublet with an isomer shift (d) of 0.835 mm/s and a 
quadrupole splitting ½DEQ½ of 2.171 mm/s. (c) Thermal ellipsoid plot of IV.3a drawn at the 50% confidence 
interval. H atoms and co-crystallized solvent molecules have been omitted for clarity. (d) Coordination 
environment of the three crystallographically unique Fe ions in IV.3a. 
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Figure IV.7 1H NMR spectrum of IV.3a measured in THF-d8 at 23 °C; THF-d8 and grease peaks are 
truncated and are marked with *. 
 
 
Figure IV.8 Extinction spectra of IV.3a measured in THF with (a) 0.01 mM and (b) 0.3 mM solutions. 
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Figure IV.9 Mass spectrometry of IV.3a (MALDI-TOF). 
 
Table IV.1 Summary of metrical parameters in IV.3a, IV.3b, and IV.3c. Structures were acquired by X-
ray diffraction at 110 K. 
d (Å) IV.3a IV.3b IV.3c 
M···M 3.041(3) 
3.203(3) 
3.313(3) 
3.5732(3) 
3.6322(2) 
3.7425(3) 
3.3670(1) 
3.4499(1) 
3.5508(1) 
M–Npyrrole 1.989(2) 1.951(1) 1.984(2) 
M–Npyridine 2.111(2) 2.072(1) 2.078(2) 
 
A single crystal of IV.3a was obtained by cooling concentrated THF solutions at 
–35 °C. Refinement of X-ray diffraction data collected at 110 K results in the structure 
illustrated in Figure III.6c and 6d. IV.3a crystallizes in the monoclinic space group P21/n 
with the whole molecule and two THF molecules residing in the crystallographically 
independent unit. Each Fe centre in IV.3a is four-coordinate and is supported by the 
pyridylpyrrole arms of two different ligands. The individual Fe···Fe separations vary 
significantly with distances of 3.041(3) Å (Fe1···Fe2), 3.203(3) Å (Fe2···Fe3), and 
3.313(3) Å (Fe1···Fe3). These Fe···Fe distances are on average shorter than those observed 
for Murray’s (µ2-H)3-Fe3 complex but are substantially longer than those in Betley’s Fe3 
complexes (2.2995(19) Å292 and 2.480(1) Å103). The formal shortness ratio (fsr),303, 304 
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which is the ratio of the interatomic distance divided by the sum of the covalent radii,305 
for the Fe···Fe separations in IV.3a are substantially greater than 1 (fsrFe1–Fe2 = 1.30, fsrFe2–
Fe3 = 1.37, fsrFe1–Fe3 = 1.42), and thus we do not formulate any Fe–Fe bonding in complex 
IV.3a. The Fe–N distances (Table IV.1) are comparable to those reported for previously 
reported four-coordinate mononuclear high-spin Fe2+ (S = 2) complexes.306 The metrical 
parameters of IV.3a do not vary significantly with temperature from 110 K down to 10 K 
(Table IV.2). Continuous shape measurement (CShM) calculations, which provide a 
quantitative measure of the deviation of the experimental coordination sphere from 
idealized geometries,307, 308 indicate that each Fe(II) center in IV.3a adopts a nearly ideal 
cis-divacant octahedral (i.e. seesaw) geometry (Table IV.3).309, 310 Additionally, t4 value 
was calculated for each metal centers (Table IV.3), resulting in 0.59–0.60, which is similar 
to the reported value for ideal cis-divacant octahedral geometry (t4=0.64).311 
 
Table IV.2 Crystallographic data for IV.3a as a function of temperature. 
IV.3a, 110K IV.3a, 50K IV.3a, 30K IV.3a, 10K 
Monoclinic Monoclinic Monoclinic Monoclinic 
P21/n P21/n P21/n P21/n 
a = 11.719(7) 
b = 22.28(1) 
c = 20.34(1) 
β = 91.485(8) 
a = 11.681(1) 
b = 22.210(1) 
c = 20.268(1) 
β = 91.652(1) 
a = 11.681(1) 
b = 22.210(1) 
c = 20.268(1) 
β = 91.652(1) 
a = 11.681(1) 
b = 22.210(1) 
c = 20.268(1) 
β = 91.652(1) 
Fe···Fe: 3.041(3) 
              3.203(3)  
              3.313(3) 
Fe···Fe: 3.0057(1)  
              3.1879(1)  
              3.3155(1)  
Fe···Fe: 3.0002(1) 
             3.1856(1) 
             3.3173(1) 
Fe···Fe: 2.9965(6) 
             3.1827(6) 
             3.3213(6) 
Fe–Npyrrole 1.989(2) 
Fe–Npyridine 2.111(2) 
Fe–Npyrrole 1.993(1) 
Fe–Npyridine 2.111(1) 
Fe–Npyrrole 1.994(1) 
Fe–Npyridine 2.113(1) 
Fe–Npyrrole 1.994(1) 
Fe–Npyridine 2.114(1) 
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Table IV.3 Summary of continuous shape measurement (CShM) calculations. 
Idealized 
Geometry 
Calculated Deviation 
Fe1 Fe2 Fe3 Zn1 Zn2 Zn3 
Square Planar 20.218 21.177 18.340 22.045 22.976 19.829 
Tetrahedral 7.428 7.416 7.690 5.528 5.523 5.897 
Cis-divacant octahedral 2.461 2.553 2.756 3.940 3.724 3.745 
Vacant trigonal bipyramid 6.896 6.631 7.655 6.254 5.981 6.948 
t4 0.59 0.60 0.60 0.66 0.65 0.66 
 
The trinuclear coordination mode is not unique to metalation with Fe(II). 
Metalation with Zn(II), accomplished by sequential treatment of IV.1 with NaHMDS and 
ZnCl2, affords Zn3(LIV.1)2 (IV.3b). Mass spectrometry (HRMS-ESI+) was consistent with 
a trinuclear complex with a mass of 1073.121 (calcd. [M+H]+ 1073.126; Figure IV.10) 
and 1H NMR spectroscopy (Figure IV.11) indicates that the three-fold symmetry is 
maintained (13C NMR, Figures IV.12). The electronic absorption spectra display 
absorbances at 285 nm (3.0 ´ 104 M-1cm-1), 336 nm (2.0 ´ 104 M-1cm-1), and 580 nm (4.8´ 
102 M-1cm-1) (Figure IV.13). IV.3b is isostructural to IV.3a with longer M···M separations 
(3.775 Å (Zn1×××Zn2, fsr = 1.43), 3.759 Å (Zn2×××Zn3, fsr = 1.45), 3.684 Å (Zn1×××Zn3, fsr 
= 1.50); Table IV.1). The Zn–N distances in IV.3b are typical of Zn2+ pyridine and 
pyrrolide complexes. CShM analysis indicates that each of the Zn centres in IV.3b 
displays nearly ideal cis-divacant octahedral coordination similar to IV.3a (Table IV.3). 
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Figure IV.10 Mass spectrometry of IV.3b (HRMS-ESI+). 
 
 
Figure IV.11 1H NMR spectrum of IV.3b measured in THF-d8 at 23 °C; THF-d8 peaks are marked with *. 
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Figure IV.12 13C NMR spectrum of IV.3b measured in THF-d8 at 23 °C; THF-d8 solvent and grease peaks 
are marked with *. 
 
 
Figure IV.13 Extinction spectra of IV.3b measured in THF with (a) 0.01 mM and (b) 0.2 mM solutions. 
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During studies of the deprotonation and metalation of IV.1, we found that 
treatment of the deprotonated ligand with 1.0 equivalent of FeCl2 at –80 °C (Figure IV.14) 
resulted in a 1H NMR spectrum that was distinct from the spectrum obtained after 
metalation at 23 °C. The 1H NMR spectrum obtained following low-temperature 
metalation features seven paramagnetically shifted resonances between –1.8 and 79.3 ppm 
(Figure IV.15). The observed peaks integrate as expected for a three-fold symmetric 
complex of the deprotonated ligand. UV-vis was matched with the dark red color (Figure 
IV.16). We speculated that this new complex may be a monomeric complex, i.e. 
Na(THF)4[Fe(LIV.1)] (IV.2). While we have not been able to obtain a crystalline sample 
of IV.2, mass spectrometry analysis reveals a major component with an m/z of 494.839, 
which is consistent with the formulation of the mononuclear complex ([Fe(TPM)]+ calcd. 
m/z = 495.103; Figure IV.17).  
 
  
Figure IV.14 Metalation of the deprotonated ligand with FeCl2 at 23 °C affords trinuclear complex IV.3a 
while metalation at –80 °C affords mononuclear complex IV.2. Exposure of IV.2 to 0.5 equivalents of FeCl2 
results in the formation of IV.3a. Similar cluster expansion can be accomplished by treatment of IV.2 with 
ZnCl2, which results in the formation of heterobimetallic cluster IV.3c. 
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Figure IV.15 1H NMR spectrum of IV.2 measured in THF-d8 at 23 °C; THF-d8 peaks are truncated and are 
marked with * along with grease and an unidentified impurity peak. 
 
 
Figure IV.16 Extinction spectra of IV.2 measured in THF with (a) 0.001 mM and (b) 0.01 mM solutions. 
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Figure IV.17 Mass spectrometry of IV.2 (MALDI-TOF). 
 
Although once isolated, IV.2 is stable at 23 °C, treatment of a solution of IV.2 
with 0.5 equivalents of FeCl2 at 23 °C results in cluster expansion to generate IV.3a in 
95% yield (Figure IV.14). The ability to trigger the expansion of IV.2 to IV.3a by addition 
of an additional 0.5 equivalents of FeCl2 and the similarity of molecular structures for Fe3 
and Zn3 complexes suggested that generation of heterobimetallic clusters from IV.2 in the 
presence of added Zn(II) should be feasible. Indeed, treatment of a THF-d8 solution of 
IV.2 with ZnCl2 afforded Fe2Zn(LIV.1)2 (IV.3c). 1H NMR analysis revealed the presence 
of 13 resonances (Figure IV.18), which would be expected from a complex in which one 
of the metal sites in the M3(TPM)2 scaffold is replaced with Zn.  
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Figure IV.18 1H NMR spectrum of IV.3c measured in THF-d8 at 23 °C; THF-d8 peaks are truncated and 
are marked with * along with grease and ligand peaks due to water present in the NMR solvent. 
 
The metal ion composition was confirmed both by ESI-MS, which provided an 
m/z = 1054.131 ([M]+ calcd. 1054.133; Figure IV.19), and by ICP-MS analysis of a HNO3-
digested sample (Fe/Zn = 2.07, Table IV.4). The electronic absorption spectra display 
absorbances at 285 nm (2.5 ´ 104 M-1cm-1), 334 nm (1.9 ´ 104 M-1cm-1), 381 nm (1.4 ´ 
104 M-1cm-1), 522 nm (1.8 ´ 103 M-1cm-1), and 603 nm (1.1 ´ 103 M-1cm-1) (Figure IV.20). 
Crystallization from THF afforded single crystals and X-ray diffraction analysis revealed 
a trinuclear core that is isostructural to both IV.3a and IV.3b. Each metal position is 
partially occupied by Fe (~2/3) and Zn (~1/3). The M–M separations (3.328, 3.407, and 
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3.515 Å) are intermediate between those of IV.3a and IV.3b. The coordination geometry 
at each metal is cis-divacant octahedral. Formation of IV.3c appears to be a kinetically 
controlled process and not the result of metal ion scrambling between pre-formed 
trinuclear clusters: 1H NMR analysis of a THF-d8 solution of IV.3a and IV.3b indicated 
no exchange over the course of 24 hours (Figure IV.21) and treatment of IV.3a with ZnCl2 
results in no Zn incorporation (Figure IV.22). 
 
 
Figure IV.19 Mass spectrometry of IV.3c (HRMS-ESI+). 
 
Table IV.4 The concentration and ratio of Fe and Zn observed in compound IV.3c by ICP-MS. 
 57Fe 64Zn 
Concentration (ppb) 28.46 ± 0.98 15.45 ± 0.10 
Molar ratio 2.07 1.00 
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Figure IV.20 Extinction spectra of IV.3c measured in THF with (a) 0.03 mM and (b) 0.3 mM solutions. 
 
 
Figure IV.21 1H NMR spectra obtained from a THF-d8 solution of IV.3a and IV.3b collected 1h (bottom) 
and 24 h (top) after the homometallic trinuclear complexes were combined. 
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Figure IV.22 1H NMR spectra obtained from IV.3a before adding ZnCl2 (bottom) and after a 24 h reaction 
of IV.3a and ZnCl2 (top). THF-d8 peaks are truncated and are marked with * along with grease and ligand 
peaks due to water present in the NMR solvent. 
 
To gain preliminary insight into the reactivity of IV.3a, we have examined the 
redox properties of IV.3a by cyclic voltammetry under an N2 atmosphere. At ~ 240 mV 
(versus Ag/AgNO3), solutions of IV.3a display an oxidation event that appeared to have 
limited reversibility. Increasing the scan rate (Figure IV.23) did not result in significant 
improvements of the reversibility of the oxidation event. Based on this observation it is 
likely that oxidation of IV.3a results in a species of limited stability that undergoes 
chemical reaction on the time scale of the electrochemical experiment. This observation 
is consistent with Betley’s report of the anodic oxidation of [Fe(tpe)(py)]–, which resulted 
in pyrrolide dissociation (tpe = tris(2-mesityl-pyrrolyl)ethane, py = pyridine).312 No 
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reversible oxidation features are observed in the CV of IV.3b (Figure IV.24), which 
suggests significant metal-based redox chemistry in the observed oxidation event for 
IV.3a. 
 
 
Figure IV.23 Cyclic voltammograms (CVs) of IV.3a (0.7 mM) in a 0.1 M [TBA]PF6 solution of THF. (a)  
CVs measurements initiated at 0 V with 3 sweeps beginning anodically ranging 1.0 V to –1.6 V. (b) The 
initial reversible oxidation event, from –0.2 V to 0.4 V, was isolated. (c) The reduction peaks, from –0.4 V 
to –1.6V, were not observed without preceding oxidation events. CV conditions: glassy carbon working 
electrode, Pt counter electrode, and Ag/AgNO3 as a reference. Fc0/+ E1/2 = 0.257 V vs Ag/AgNO3. 
 
 
Figure IV.24 CVs of IV.3b (0.7 mM) in a 0.1 M [TBA]PF6 solution of THF. (a) CV measurements initiated 
at 0 V with 3 sweeps beginning anodically from 1.2 V to –2.0 V. (b) No reversible oxidation event, starting 
from –0.5 V to 1.0 V, was observed for IV.3b. (c) The reduction wave, which is reversible, was observed 
without preceding oxidation events (measurement started from 0.0 V to 2.2 V). CV conditions: glassy carbon 
working electrode, Pt counter electrode, and Ag/AgNO3 as a reference. Fc0/+ E1/2 = 0.257 V vs Ag/AgNO3. 
 
With a series of trinuclear transition metal compounds in hand, we attempted to 
study their potential reactivity with small molecules, such as O2, N2O, CO, CO2 and 
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organic azides. However, no reaction was observed with IV.3a and small molecules. We 
reasoned that the open coordination sites are not accessible due to small inner space and 
rigidity of the trinuclear complexes. Thus, the study on design and synthesis of new 
compounds, such as trinuclear complexes with more flexible ligands, trinuclear complex 
with different coordination mode, and binuclear complexes, are on-going. Preliminary 
results show that using CoCl2 and IV.1 would allow us to access to a tricobalt compound 
(IV.5) in a different structure in the same synthetic condition as IV.3a and 3b. Mass 
spectrometry (HRMS-ESI+) showed a trinuclear complex with O2 binding upon exposure 
to the air. (calcd. [M+O2+H]+ 1088.131; found. 1088.131; Figure IV.25). The 
recrystallization of dark green THF solution by layering pentane yielded red crystals, 
which is 1H NMR silent. The electronic absorption spectra display absorbances at 288 nm 
(3.1 ´ 104 M-1cm-1), 340 nm (3.7 ´ 104 M-1cm-1), 390 nm (2.0 ´ 104 M-1cm-1), and 607 nm 
(6.1 ´ 102 M-1cm-1) (Figure IV.26). A single crystal of IV.5 was obtained by cooling 
concentrated THF solutions at –35 °C. Refinement of X-ray diffraction data collected at 
110 K results in the structure illustrated in Figure IV.27. IV.5 crystallizes in the 
orthorhombic space group P212121 with the whole molecule and two coordinating THF 
molecules and two residing THF in the crystallographically independent unit. One of Co 
center (Co3) in IV.5 is four-coordinate and is supported by the pyridylpyrrole arms of two 
different ligands in a seesaw geometry. Other two Co centre are five-coordinate supported 
by two pyridylpyrrole arms of one ligand in square-planar geometry with one THF binding 
at the axial position. The individual Co···Co separations vary significantly with distances 
of 7.6642(15) Å (Co1···Co2), 5.3522(15) Å (Co2···Co3), and 3.7521(15) Å (Co1···Co3). 
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The reason for the structural difference and the potential reactivity of IV.5 will be 
investigated. 
 
 
Figure IV.25 Mass spectrometry of IV.5 (HRMS-ESI+). 
 
 
Figure IV.26 Extinction spectra of IV.5 measured in THF with (a) 0.01 mM and (b) 0.7 mM solutions. 
 
 
 150 
 
Figure IV.27 Synthesis and structure of IV.5. 
 
IV.3 Conclusion 
In summary, we report a new hexadentate ligand IV.1. Low-temperature 
metalation of IV.1 with Fe(II) provides access to a mononuclear complex IV.2 as the 
kinetic metalation product. Metalation at ambient temperature with either Fe(II) or Zn(II) 
generates unusual trinuclear complexes in which each TM ion displays cis-divacant 
octahedral geometry as the thermodynamic metalation products. Exposure of IV.2 to 
Fe(II) or Zn(II) sources triggers the evolution of the monomeric starting material to the 
thermodynamically preferred trinuclear complexes. Ongoing studies are aimed at 
evaluating the reactivity of this new platform of highly unsaturated trinuclear clusters 
towards small molecule substrates. We anticipate that the synthetic predictability that we 
have demonstrated for the construction of isostructural trinuclear clusters will provide 
access to families of structural homologs that will enable systematic evaluation of the 
impact on ion substitution on the reactivity of these platforms. 
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IV.4 Experimental details 
IV.4.1 General Considerations 
General. Anhydrous THF, pentane, and acetonitrile were obtained from a drying 
column and stored over activated 4 Å molecular sieves.313 Diethyl ether was purchased 
from Sigma Aldrich, refluxed over Na and benzophenone, distilled under an N2 
atmosphere, and stored over 4 Å molecular sieves. Triethylorthoformate was purchased 
from Acros Organics, degassed by freeze-pump-thaw, and dried over 4 Å molecular 
sieves. Pyrrole was purchased from BeanTown Chemical, refluxed over CaH2, and 
distilled under an N2 atmosphere. All other solvents were ACS reagent grade and were 
used as received. Ethyl acetate was obtained from EMD Millipore. Diethyl ether, hexanes, 
and CH2Cl2 were obtained from Sigma Aldrich. Silica gel (0.060 – 0.200 mm, 60 Å for 
column chromatography), LiHMDS and NaHMDS were obtained from Acros Organics. 
Sodium hydride (57–63% dispersion in mineral oil), anhydrous ZnCl2, 
chlorotrimethylsilane, and nitrosonium tetrafluoroborate were obtained from BeanTown 
Chemical. 2-Bromopyridine, JohnPhos, and 2-mesitylmagnesium bromide (1.0 M 
solution in THF) were obtained from Sigma Aldrich. Pd(OAc)2 and anhydrous FeCl2 were 
obtained from Strem. NMR solvents were obtained from Cambridge Isotope Laboratories; 
THF-d8 was stored over 4 Å molecular sieves and others were used as received.  
Characterization Details. NMR spectra were recorded on an Inova-300, an 
Inova-500, or a NMRS-500 FT NMR spectrometer. Spectra were referenced against 
solvent resonances: CDCl3 (7.26 ppm, 1H; 77.16 ppm, 13C), THF-d8 (1.72, 3.58 ppm, 
1H).210 1H NMR data are reported as follows: chemical shift (δ, ppm), (multiplicity: s 
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(singlet), d (doublet), t (triplet), m (multiplet), br (broad), integration). 13C NMR data are 
reported as follows: chemical shift (δ, ppm). UV-vis spectra were recorded at 293 K in 
quartz cuvettes on an Ocean Optics Flame-S miniature spectrometer with DH-mini UV-
vis NIR light source and were blanked against the appropriate solvents. IR spectra were 
recorded on a Shimadzu Affinity-1S IR spectrometer. Spectra were blanked against air 
and were determined as the average of 128 scans. IR data are reported as follows: 
wavenumber (cm-1), (peak intensity: s, strong; m, medium; w, weak). For electrochemistry 
experiments, a glassy carbon working electrode, Pt counter electrode, and Ag reference 
electrode were used (obtained from CH Instruments). An anhydrous THF solution of 
analyte (0.7 mM) with NBu4PF6 (0.1 M) as a supporting electrolyte was used for 
measurements. Reference electrodes were prepared using 0.1 M solution of [TBA]PF6 in 
acetonitrile with 1.0 mM AgNO3. MALDI data were obtained using a Bruker Microflex 
LRF MALDI-TOF using reflectron-TOF modes. Mass Spectrometry (ESI) data were 
obtained using an Orbitrap FusionTM TribridTM mass spectrometer from ThermoFisher 
Scientific. Inductively coupled plasma mass spectrometry (ICP-MS) measurements were 
carried out on a PerkinElmer NexION 300D Quadruple in pulse mode with ASX-520 
Autosampler. The collected data were analyzed by NexION software version 1.3. The 
solids were digested in conc. HNO3 by sonication and diluted with ultrapure water to make 
1% HNO3 solution. The concentration of Fe and Zn was determined by the calibration 
curves (57Fe, R2 = 0.997 and 64Zn, R2 = 0.998). 57Fe Mössbauer spectra were collected on 
a model MS4 WRC low-field, variable-temperature spectrometer (See Co., Edina, MN).  
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X-ray Crystallography Details. Crystals of IV.3a, IV.3b, IV.3c, and IV.5 
suitable for X-ray diffraction were obtained by cooling a concentrated THF solution at –
35 °C. A Leica MZ 75 microscope was used to identify a suitable crystal. For IV.3a 
sample, a red-orange crystal (0.1 mm ´ 0.05 mm ´ 0.02 mm) was mounted on a MiTeGen 
dual-thickness micromount and placed under a cold N2 stream (Oxford) maintained at 110 
K. A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was used for crystal 
screening, unit cell determination, and data collection. The X-ray radiation employed was 
generated from a Mo sealed X-ray tube (Kα = 0.70173 Å with a potential of 40 kV and a 
current of 40 mA). Bruker AXS APEX II software was used for data collection and 
reduction. Absorption corrections were applied using the program SADABS.314 A solution 
was obtained using XT/XS in APEX2 and refined in Olex2.315-317 Hydrogen atoms were 
placed in idealized positions and were set riding on the respective parent atoms. All non-
hydrogen atoms were refined with anisotropic thermal parameters. The structure was 
refined (weighted least squares refinement on F2) to convergence. In the structure of 
IV.3a, one of the two independent THF solvates is disordered and was modelled using 
two parts. The bond distances and thermal ellipsoids in the disordered THF were restrained 
using the SADI and EADP commands. The restraints SIMU and DELU were also used on 
the disordered parts. 
Variable-temperature (VT) X-ray diffraction data for IV.3a was collected using 
synchrotron radiation (0.41328 Å) at ChemMatCARS located at the Advanced Photon 
Source (APS) housed at Argonne National Laboratory (ANL). Crystals suitable for X-ray 
diffraction were mounted on a glass fiber pin with Paratone N oil. The data was collected 
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at 10 K, 30 K, and 50 K using an Oxford Diffraction Helijet operating between 10–70 K 
and a vertically mounted Bruker D8 three-circle platform goniometer equipped with a 
PILATUS3 X CdTe 1M detector. Data was collected as a series of φ scans. Data were 
integrated using SAINT and scaled with a multi-scan absorption correction using 
SADABS. Data were integrated using SAINT and scaled with a multi-scan absorption 
correction using SADABS. Structures were solved by intrinsic phasing using SHELXT 
(Apex2 program suite v2014.1) and refined against F2 on all data by full matrix least 
squares with SHELXL97. All non-hydrogen atoms were refined anisotropically. H atoms 
were placed at idealized positions and refined using a riding model. 
For IV.3b, a colorless block with very well-defined faces with dimensions (0.11 
mm ´ 0.08 mm ´ 0.06 mm) from a representative sample of crystals of the same habit was 
mounted on a nylon loop and was then placed in a cold nitrogen stream (Oxford) 
maintained at 110 K. A BRUKER Venture X-ray (kappa geometry) diffractometer was 
employed for crystal screening, unit cell determination, and data collection. The 
goniometer was controlled using the APEX3 software suite.318 The X-ray radiation 
employed was generated from a Cu-Iµs X-ray tube (Ka = 1.5418 Å with a potential of 50 
kV and a current of 1.0 mA). 45 data frames were taken at widths of 0.5°. These reflections 
were used to determine the unit cell. There were indications suggesting a satellite crystal. 
Data was collected at a crystal to detector distance of 150 mm to resolve the overlapping 
reflections from the satellite crystal. The unit cell was verified by examination of the h k l 
overlays on several frames of data. No super-cell or erroneous reflections were observed. 
After careful examination of the unit cell, an extended data collection procedure (45 sets) 
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was initiated using omega and phi scans. Integrated intensity information for each 
reflection was obtained by reduction of the data frames with the program APEX3.318 The 
integration method employed a three-dimensional profiling algorithm and all data were 
corrected for Lorentz and polarization factors, as well as for crystal decay effects. Data 
was merged and scaled to produce a suitable data set. The absorption correction program 
SADABS314 was employed to correct the data for absorption effects. Systematic reflection 
conditions and statistical tests of the data suggested the space group P21/n. A solution was 
obtained readily using XT/XS in APEX3.316-319 Two molecules of THF and 0.18 
molecules of water were found solvated. Hydrogen atoms were placed in idealized 
positions and were set riding on the respective parent atoms. All non-hydrogen atoms were 
refined with anisotropic thermal parameters. Elongated thermal ellipsoids and the nearby 
residual electron density peaks suggested disorder on one of the THF molecule and was 
successfully modelled between two positions with an occupancy ratio close to 0.82:0.18. 
The occupancy ratio was fixed to those values during final least square refinement cycles. 
Appropriate restraints and constraints were used to keep the bond distances, angles, and 
thermal ellipsoids of the disordered groups meaningful. Absence of additional symmetry 
or void were confirmed using PLATON (ADDSYM).320 The structure was refined 
(weighted least squares refinement on F2) to convergence.315-317, 319 Olex2 was employed 
for the final data presentation and structure plots.315 
For IV.3c, a suitable orange plate with very well-defined faces with dimensions 
(0.20 mm ´ 0.20 mm ´ 0.04 mm) from a representative sample of crystals of the same 
habit was mounted on a nylon loop, and was then placed in a cold nitrogen stream (Oxford) 
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maintained at 110 K. A BRUKER Venture X-ray (kappa geometry) diffractometer was 
employed for crystal screening, unit cell determination, and data collection. The 
goniometer was controlled using the APEX3 software suite.318 The X-ray radiation 
employed was generated from a Cu-Iµs X-ray tube (Ka = 1.5418 Å with a potential of 50 
kV and a current of 1.0 mA). 45 data frames were taken at widths of 1°. These reflections 
were used to determine the unit cell. The unit cell was verified by examination of the h k 
l overlays on several frames of data. No super-cell or erroneous reflections were observed. 
After careful examination of the unit cell, an extended data collection procedure (32 sets) 
was initiated using omega and phi scans. Integrated intensity information for each 
reflection was obtained by reduction of the data frames with the program APEX3.318 The 
integration method employed a three-dimensional profiling algorithm and all data were 
corrected for Lorentz and polarization factors, as well as for crystal decay effects. Finally, 
the data was merged and scaled to produce a suitable data set. The absorption correction 
program SADABS314 was employed to correct the data for absorption effects. Systematic 
reflection conditions and statistical tests of the data suggested the space group P21/c. A 
solution was obtained readily using XT/XS in APEX3.316-319 Fe to Zn ratio of 2:1 was 
confirmed using HRMS (ESI+) and ICP-MS. Fe and Zn composition was refined with a 
restraint ratio of 2 : 1 in the three sites Fe1/Zn1, Fe2/Zn2, and Fe3/Zn3. All the three Fe/Zn 
sites refined to a ratio close to 0.66666:0.33333. The respective occupancies were 
constrained to these values during the final refinement. Our trials assuming all the three 
metal sites with only Fe (no Zn) resulted in R1 and wR2 values of 3.51% and 8.33%. On 
the other hand, assuming all the three metal sites with only Zn (no Fe) resulted with 
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corresponding values of 5.18% and 15.58%. Our current results with the restraint of 
2Fe:1Zn gave 3.33% and 8.23%. Two molecules of THF [(O1S, C2S-C5S) and (O6S, 
C7S-C10S)] were found solvated. Hydrogen atoms were placed in idealized positions and 
were set riding on the respective parent atoms. All non-hydrogen atoms were refined with 
anisotropic thermal parameters. The elongated thermal ellipsoids and nearby residual 
electron density peaks on both the solvated THF molecules indicated possible disorder, 
which were refined between two positions each with an occupancy ratio of [(0.65:0.35) 
and (0.56:0.44)] respectively. Appropriate restraints and constraints were added to keep 
the bond distances, angles, and thermal ellipsoids, of disordered atoms/groups meaningful. 
Absence of additional symmetry or void were confirmed using PLATON (ADDSYM).320 
The structure was refined (weighted least squares refinement on F2) to convergence.315-
317, 319 Olex2 was employed for the final data presentation and structure plots.315 
For IV.5 sample, a red-orange crystal (0.1 mm ´ 0.05 mm ´ 0.02 mm) was 
mounted on a MiTeGen dual-thickness micromount and placed under a cold N2 stream 
(Oxford) maintained at 110 K. A BRUKER QUEST PHOTON 2 X-ray (three-circle) 
diffractometer was used for crystal screening, unit cell determination, and data collection. 
The X-ray radiation employed was generated from a Mo-Ius X-ray tube (Kα = 0.70173 Å 
with a potential of 40 kV and a current of 40 mA). Bruker AXS APEX III software was 
used for data collection and reduction. Absorption corrections were applied using the 
program SADABS.314 A solution was obtained using XT/XS in APEX2 and refined in 
Olex2.315-317 Hydrogen atoms were placed in idealized positions and were set riding on the 
respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal 
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parameters. The structure was refined (weighted least squares refinement on F2) to 
convergence.  
 
IV.4.2 Synthesis and Experimental Details 
 
Synthesis of sodium pyrrolide. Sodium pyrrolide was prepared according to a 
previously reported method.321 NaH was rinsed three times with THF and kept in an N2-
filled glovebox. A 100-mL round bottom flask was charged with NaH (2.86 g, 0.119 mol, 
2.00 equiv) and anhydrous THF (20 mL). Pyrrole (4.00 g, 0.0596 mol, 1.00 equiv) was 
added dropwise to the NaH suspension over 30 min. The suspension was stirred at 23 °C 
for 30 min. The reaction mixture was filtered and the filtrate was concentrated in vacuo to 
afford 5.07 g of the title compound (95% yield). 
 
Synthesis of 2-(2’-pyridyl)-1H-pyrrole (IV.4). Under an N2 atmosphere, a 250-
ml Schlenk tube was charged with sodium pyrrolide (6.00 g, 67.4 mmol, 3.01 equiv) and 
ZnCl2 (9.18 g, 67.4 mmol, 3.01 equiv). With vigorous stirring, THF (30 mL) was slowly 
added to the reaction vessel, and the reaction mixture was allowed to stir at 23 °C for 1 h. 
To the reaction mixture, JohnPhos (33.0 mg, 0.111 mmol, 0.5 mol%) and Pd(OAc)2 (25.0 
mg, 0.111 mmol, 0.5 mol%) were added. After stirring for 5 min, 2-bromopyridine (2.14 
H
N N NaNaH
THF
95% yield
N Na
NH
1. ZnCl2, THF
2.
N
Br
Pd(OAc)2, JohnPhos
100 oC, 54%
N
IV.4
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ml, 22.4 mmol, 1.00 equiv) was added. The reaction vessel was sealed with a Teflon 
stopper and the reaction mixture was heated at 100 °C for 21 h. The reaction mixture was 
cooled to 23 °C. Under an ambient atmosphere, distilled water (15 mL) and diethyl ether 
(15 mL) were added to the reaction mixture, and the organic layer was extracted with 
diethyl ether (3 ´ 15 ml) and dried over MgSO4. Solvent was removed in vacuo and the 
residue was purified by SiO2 chromatography (4 : 1 hexanes : ethyl acetate) to afford 1.75 
g of the title compound (54% yield). 1H NMR (δ, 23 °C, CDCl3): δ 9.81 (s, 1H), 8.46 
(ddd, J = 4.9, 1.8, 1.0 Hz, 1H), 7.62 (ddd, J = 8.0, 7.4, 1.8 Hz, 1H), 7.55 (dt, J = 8.0, 1.0 
Hz, 1H), 7.03 (ddd, J = 7.4, 4.9, 1.2 Hz, 1H), 6.91 (td, J = 2.6, 1.4 Hz, 1H), 6.72 (ddd, J = 
3.7, 2.4, 1.3 Hz, 1H), 6.30 (dt, J = 3.6, 2.6 Hz, 1H). 13C NMR (δ, 23 °C, CDCl3) 150.7, 
149.0, 136.6, 120.6, 120.0, 118.3, 110.3, 107.2 ppm. The recorded spectral data are in 
good agreement with those reported in literature.322 
 
Synthesis of tris(2-(2’-pyridyl)-1H-pyrrolyl)methane (IV.1). Under an N2 
atmosphere, a 20-mL scintillation vial was charged with 2-(2’-pyridyl)-1H-pyrrole (IV.4, 
244 mg, 1.70 mmol, 3.00 equiv), triethylorthoformate (136 mg, 0.918 mmol, 1.62 equiv), 
trimethylsilyl chloride (TMSCl, 0.50 mL, 3.9 mmol, 7.0 equiv), and THF (2 mL). The 
reaction vessel was sealed with a Teflon-lined cap and heated at 70 °C for 12 h. The 
reaction mixture was cooled to 23 °C, at which time a red solid was observed. Under an 
IV.1
NH
HN
H
N
N N
N
HC(OEt)3, TMSCl
THF, 70 oC
62%NH
N
IV.4
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ambient atmosphere, the supernatant was decanted and CH2Cl2 (100 mL) and water (20 
mL) were added to the residue. The organic layer was separated. To the aqueous layer, 
sat. aq. NaHCO3 solution (10 mL) was added and the aqueous layer was re-extracted (3 ´ 
10 mL) with CH2Cl2.  The combined organic layer was dried over MgSO4, solvent was 
removed in vacuo, and the residue was purified by SiO2 chromatography (eluent from 4:1 
to 1 : 1 hexanes : ethyl acetate) to afford 156 mg of the title compound (62% yield). 1H 
NMR (δ, 23 °C, CDCl3): δ  9.69 (s, 3H), 8.37 (ddd, J = 4.9, 1.7, 1.0 Hz, 3H), 7.57 (td, J = 
7.7, 1.8 Hz, 3H), 7.49 (dt, J = 8.1, 1.0 Hz, 3H), 6.96 (ddd, J = 7.3, 5.0, 1.1 Hz, 3H), 6.62 
(dd, J = 3.5, 2.3 Hz, 3H), 6.09 (t, J = 2.8 Hz, 3H), 5.60 (s, 1H). 13C NMR (δ, 23 °C, CDCl3) 
150.7, 148.8, 136.5, 133.3, 131.5, 120.4, 118.1, 109.4, 107.8, 38.2 ppm. HRMS (ESI+): 
calcd. for C28H22N6Na [M+Na]+ 465.1798. Found: 465.1801. 
 
Synthesis of iron bis(trimethylsilyl)amide (Fe(HMDS)2). Iron 
bis(trimethylsilyl)amide (Fe(HMDS)2) was prepared according to a previously reported 
method in an N2-filled glovebox.323 A 250-mL Erlenmeyer flask was charged with 
anhydrous FeCl2 (0.760 g, 6.00 mmol, 1.00 equiv) and Et2O (20 mL). A 40-mL 
scintillation vial was charged with Li(HMDS) (2.00 g, 12.0 mmol, 2.00 equiv) and Et2O 
(40 mL). The suspension of FeCl2 and the solution of Li(HMDS) were cooled to –50 °C 
in a glovebox cold well (cooled with dry ice and acetone) before the Li(HMDS) solution 
was added to the FeCl2 suspension dropwise over 15 min. The suspension was allowed to 
warm slowly to 23 °C and was stirred for 20 h. The mixture was concentrated under 
FeCl2 FeHMDS2
Li(HMDS) (2 equiv)
Et2O, –50 to 23 ºC, 20 h
55% yield
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vacuum, and the dark green residue was extracted with pentane (3 ´ 5 mL). The combined 
extracts were filtered into a 100-mL round bottom flask and concentrated under vacuum 
to afford a dark green oil. The round bottom flask was connected to a distillation apparatus 
with a 25-mL Schlenk flask in the glovebox, and the oil was distilled under reduced 
pressure at 110 °C to afford a pyrophoric green oil. The distillation apparatus was 
transferred back into a N2-filled glovebox, and the product was transferred to a 20-mL 
scintillation flask and solidified in the freezer (–35 °C) to afford a green solid (1.24 g, 55% 
yield). 
 
Synthesis of IV.3a. Method A. The following synthesis was carried out in an N2-
filled glovebox. In separate 20-mL scintillation vials, a suspension of FeCl2 (13 mg, 0.10 
mmol, 1.5 equiv) in THF (2 mL), and solutions of NaHMDS (40 mg, 0.22 mmol, 3.2 
equiv) in THF (2 mL) and IV.1 (30 mg, 0.068 mmol, 1.0 equiv) in THF (2 mL), were 
prepared. The suspension and solutions were cooled to –50 °C in a glovebox cold well 
(cooled with dry ice and acetone). With stirring, the NaHMDS solution was added to the 
IV.1 solution, dropwise. The resulting reaction mixture was warmed to 23 °C and was 
stirred for 1 h. Then, FeCl2 suspension was added to deprotonated ligand solutions and the 
reaction mixture was stirred at 23 °C for 24 h. At this time, the reaction mixture was 
filtered through Celite and the filtrate was concentrated to dryness in vacuo. The residue 
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was recrystallized in concentrated THF at –35°C to afford 21 mg of the title compound 
(58% yield). 
Method B. The following synthesis was carried out in an N2-filled glovebox. In 
separate 20-mL scintillation vials, solutions of Fe(HMDS)2 (38 mg, 0.050 mmol, 1.47 
equiv) in THF (2 mL) and IV.1 (30 mg, 0.068 mmol, 1.0 equiv) in THF (2 mL), were 
prepared. Both solutions were cooled to –50 °C in a glovebox cold well (cooled with dry 
ice and acetone). With stirring, the Fe(HMDS)2 solution was added to the IV.1 solution, 
dropwise. The resulting reaction mixture was warmed to 23 °C and was stirred for 24 h. 
At this time, the reaction mixture was filtered through Celite and the filtrate was 
concentrated to dryness in vacuo. The residue was recrystallized in concentrated THF at 
–35°C to afford 25 mg of the title compound (70% yield).* 
1H NMR (δ, 23 °C, THF-d8): 136.2 (3H), 55.6 (3H), 49.2 (3H), 35.4 (3H), 30.6 
(1H), 21.3 (3H), –6.1 (3H) ppm. UV-vis (THF), λmax (nm, ε (M-1 cm-1)): 285 (3.0 ´ 104), 
322 (2.6 ´ 104), 382 nm (1.2 ´ 104), 496 (2.1 ´ 103), 614 (4.9 ´ 102). IR (cm-1): 3078 (w), 
2972 (w), 2847 (w), 1600 (s), 1556 (w), 1533 (m), 1469 (s), 1439 (m), 1401 (w), 1331 
(w), 1310 (m), 1263 (w), 1240 (m), 1237 (m), 1149 (m), 1112 (m), 1055 (s), 1008 (m), 
866 (w), 805 (w), 745 (s). MALDI-TOF-MS: calcd. for C56H38Fe3N12 [M]+ m/z 1046.139. 
Found: 1046.058. Elemental Analysis (EA) for [[Fe3(C28H19N6)2]]: calcd. C, 64.27; H, 
3.66; N, 16.06; found C, 65.03; H 4.59; N, 15.66. 
                                               
* To evaluate the impact of metal loading on the aggregation of the obtained product, we have also carried 
out this procedure using 1.0 equivalents of FeCl2 in place of the described 1.5 equivalents. By 1H NMR, a 
mixture of products was obtained, but the major species in Fe3TPM2 which confirms that this compound is 
the thermodynamic product of metalation and not generated simply due to metal loading.  
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Synthesis of IV.3b. In separate 20-mL scintillation vials, solutions of ZnCl2 (13 
mg, 0.10 mmol, 1.5 equiv) in THF (2 mL), NaHMDS (40 mg, 0.22 mmol, 3.2 equiv) in 
THF (2 mL), and IV.1 (30 mg, 0.068 mmol, 1.0 equiv) in THF (2 mL), were prepared. All 
solutions were cooled to –50 °C in a glovebox cold well (cooled with dry ice and acetone). 
With stirring, the NaHMDS solution was added to the IV.1 solution, dropwise. The 
resulting reaction mixture was warmed to 23 °C and was stirred for 1 h. Then, ZnCl2 
suspension was added to deprotonated ligand solutions and the reaction mixture was 
stirred for 24 h. At this time, the reaction mixture was filtered through Celite and the 
filtrate was concentrated to dryness in vacuo. The residue was recrystallized in 
concentrated THF at –35°C to afford 16 mg of the title compound (44% yield). 1H NMR 
(δ, 23 °C, THF-d8): 7.39 (ddd, J = 8.4, 7.1, 1.5 Hz, 3H), 6.95–6.94 (m, 3H), 6.89–6.87 (m, 
3H), 6.45 (ddd, J = 7.2, 5.3, 1.1 Hz, 3H), 5.79 (d, J = 1.0 Hz, 6H), 5.70 (s, 1H). 13C NMR 
(δ, 23 °C, THF-d8): 153.4, 147.1, 146.0, 137.8, 135.9, 116.6, 116.5, 110.8, 44.4 ppm. UV-
vis (THF), λmax (nm, ε (M-1 cm-1)): 285 (3.0 ´ 104), 336 (2.0 ´ 104), 580 (4.8´ 102). IR 
(cm-1): 3078 (w), 2954 (w), 2924(w), 2858 (w), 1605 (s), 1555 (w), 1528 (s), 1466 (s), 
1439 (m), 1412 (m), 1339 (w), 1323 (m), 1265 (w), 1246 (m), 1204 (w), 1149 (m), 1115 
(m), 1053 (s), 1011 (m), 934 (w), 868 (w), 810 (w), 775 (w), 740 (s) 706 (w), 679 (w), 
644 (w). HRMS (ESI+): calcd. for C56H38Zn3N12 [M+H]+ m/z 1073.126. Found: 1073.121. 
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Elemental Analysis (EA) for [[Zn3(C28H19N6)2]]: calcd. C, 62.55; H, 3.56; N, 15.63; found. 
C, 62.33; H, 4.27; N, 14.03. 
 
Synthesis of Na(THF)4[FeTPM]. In separate 20-mL scintillation vials, solutions 
of FeCl2 (9.0 mg, 0.071 mmol, 1.0 equiv) in THF (2 mL), NaHMDS (40 mg, 0.22 mmol, 
3.2 equiv) in THF (2 mL), and IV.1 (30 mg, 0.068 mmol, 1.0 equiv) in THF (2 mL), were 
prepared. All solutions were cooled to –80 °C in a glovebox cold well (cooled with liquid 
nitrogen). With stirring, the NaHMDS solution was added to the IV.1 solution, dropwise. 
The resulting reaction mixture was warmed to 23 °C, was stirred for 1 h, and was cooled 
to –80 °C in a cold well. The FeCl2 suspension was added to the deprotonated ligand 
solution and the reaction was allowed to slowly warm to 23°C, at which temperature the 
reaction was stirred for 6 h. The reaction mixture was filtered through Celite and the 
filtrate was concentrated to dryness in vacuo. The residue was recrystallized in 
concentrated THF at –35°C to afford 16 mg of the title compound (29% yield). 1H NMR 
(δ, 23 °C, THF-d8): 79.3 (3H), 45.4 (3H), 40.8 (3H), 29.0 (3H), 5.4–5.2 (4H), –1.8 (3H) 
ppm. MALDI-TOF-MS: calcd. for [C28H19N6Fe]+ m/z = 495.103. Found: 494.839.* UV 
vis (THF), λmax (nm, ε (M-1 cm-1)): 337 (4.0 ´ 105), 580 (1.3 ´ 104). IR (cm-1): 3437 (w), 
                                               
* These mass spectrometry data were not obtained under air-free conditions. We speculate that IV.2 is 
oxidized in air to afford Fe(LIV.1). The reported data was detected in positive mode. 
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3071 (w), 2951 (w), 2862 (w), 1593 (s), 1555 (w), 1520 (m), 1497 (s), 1454 (s), 1443 (s), 
1396 (m), 1339 (w), 1304 (m), 1246 (m), 1204 (w), 1184(w), 1150 (m), 1111 (w), 1076 
(w), 1045 (s), 995 (m), 934 (m), 883 (w), 837 (w), 772 (m), 745 (s) 706 (m), 679 (m), 644 
(w). 
 
Synthesis of IV.3a from Na(THF)4[FeTPM]. Under an N2 atmosphere, a 20-mL 
scintillation vial was charged with Na(THF)4[FeTPM] (19 mg, 0.024 mmol, 1.0 equiv), 
FeCl2 (1.5 mg, 0.012 mmol, 0.50 equiv), and THF (3 mL). The reaction mixture solution 
was stirred at 23 °C for 6 h, and then was filtered through Celite. The filtrate was 
concentrated and stored at –35 °C for recrystallization, affording 24 mg of the IV.3a (95% 
yield). 
 
Synthesis of Fe2ZnTPM2. Under an N2 atmosphere, a 20-mL scintillation vial was 
charged with Na(THF)4[FeTPM] (15 mg, 0.019 mmol, 1.0 equiv), ZnCl2 (1.2 mg, 0.0088 
mmol, 0.46 equiv), and THF (3 mL). The reaction mixture solution was stirred at 23 °C 
for 6 h, and then was filtered through Celite. The filtrate was concentrated and stored at –
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35 °C for recrystallization, affording 9.0 mg of the IV.3c (97% yield). HRMS (ESI+): 
calcd. for C56H38Fe2ZnN12 [M]+ m/z = 1054.133 Found. 1054.131. UV vis (THF), λmax 
(nm, ε (M-1 cm-1)): 285 (2.5 ´ 104), 334 (1.9 ´ 104), 381 nm (1.4 ´ 104), 522 (1.8 ´ 103), 
603 (1.1 ´ 103). IR (cm-1): 3082 (w), 2947 (w), 2920 (w), 2862 (w), 1666 (w), 1601 (s), 
1555 (w), 1528 (s), 1466 (s), 1439 (s), 1408 (m), 1331 (w), 1312 (m), 1242 (m), 1204 (w), 
1184(w), 1150 (m), 1111 (w), 1084 (w), 1053 (s), 1011 (m), 934 (w), 864 (w), 810 (m), 
775 (m), 741 (s) 706 (m), 683 (m), 644 (w), 602 (w). 
 
Examination of potential metal exchange between IV.3a and IV.3b. A 20-mL 
scintillation vial was charged with THF-d8 (0.5 mL), IV.3a (10 mg, 0.0096 mmol, 1.0 
equiv), and IV.3b (10 mg, 0.0093 mmol, 1.0 equiv). The reaction was stirred at 23 °C and 
was monitored periodically by 1H NMR over 24 h. 
 
Examination of potential metal exchange between IV.3a and ZnCl2. A 20-mL 
scintillation vial was charged with THF (2 mL), IV.3a (10 mg, 0.0096 mmol, 1.0 equiv), 
and ZnCl2 (4.0 mg, 0.029 mmol, 3.0 equiv). The reaction was stirred at 23 °C for 24 h, 
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and then evacuated under reduced pressure. The result was analyzed by 1H NMR in THF-
d8. 
 
Synthesis of IV.5. The following synthesis was carried out in an N2-filled 
glovebox. In separate 20-mL scintillation vials, a suspension of CoCl2 (13 mg, 0.10 mmol, 
1.5 equiv) in THF (2 mL), and solutions of NaHMDS (40 mg, 0.22 mmol, 3.2 equiv) in 
THF (2 mL) and IV.1 (30 mg, 0.068 mmol, 1.0 equiv) in THF (2 mL), were prepared. The 
suspension and solutions were cooled to –50 °C in a glovebox cold well (cooled with dry 
ice and acetone). With stirring, the NaHMDS solution was added to the IV.1 solution, 
dropwise. The resulting reaction mixture was warmed to 23 °C and was stirred for 1 h. 
Then, CoCl2 suspension was added to deprotonated ligand solutions and the reaction 
mixture was stirred at 23 °C for 24 h. At this time, the reaction mixture was filtered through 
Celite and the filtrate was concentrated to dryness in vacuo. The residue was recrystallized 
in concentrated THF at –35°C to afford 10 mg of the title compound (24% yield). UV-vis 
(THF), λmax (nm, ε (M-1 cm-1)): 287 (3.1 ´ 104), 340 (3.7 ´ 104), 390 nm (2.0 ´ 104), 607 
(6.1 ´ 102). IR (cm-1): 3065 (w), 2950 (w), 2862 (w), 2322(w), 2118 (w), 1601 (s), 1554 
(w), 1521 (s), 1467 (m), 1448 (s), 1435 (s), 1396 (m), 1380 (m), 1355 (m), 1337 (m), 1316 
(s), 1295 (m), 1251 (s), 1237 (m), 1210 (m), 1185 (m), 1150 (s), 1140 (s), 1120 (m), 1092 
(m), 1064 (m), 1048 (s), 1004 (s), 943 (m), 934 (m), 898 (m), 862 (w), 805 (w), 764 (m), 
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741 (s), 727 (s). HRMS(ESI+): calcd. for C56H38Co3N12 [M+O2+H]+ m/z 1088.131. Found: 
1088.131.  
 
IV.4.3 Crystallographic Data 
 
Table IV.5 Crystallographic data for IV.3a. 
 IV.3a·2THF 
Formula C64H54Fe3N12O2 C64H54Fe3N12O2 C64H54Fe3N12O2 C64H54Fe3N12O2 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21/n P21/n P21/n P21/n 
a, Å 11.719(9) 11.681(1) 11.681(1)  11.681(1)  
b, Å 22.28(1) 22.210(1) 22.210(1) 22.210(1) 
c, Å 20.34(1) 20.268(1) 20.268(1) 20.268(1) 
α,° 90 90 90 90 
β,° 91.485(8) 91.652(1) 91.652(1) 91.652(1) 
γ, ° 90 90 90 90 
Volume, Å3 5309(5) 5256.2(3) 5256.2(3) 5256.2(3) 
Z 4 4 4 4 
T, K 110 50 30 10 
ρcalcd (mg/m3) 1.490 1.505 1.505 1.505 
F(000) 2464 2464 2464 2464 
ϴmin, ϴmax, ° 1.356, 26.479 0.666, 0.744 0.674, 0.744 0.682, 0.744 
R1a, wR2b (I > 
2σ(I)) 
0.0589, 0.1106 0.0330, 0.0872 0.0326, 0.0849  0.0328, 0.0850 
R1a, wR2b (all data) 0.1457, 0.1397 0.0378, 0.0905 0.0368, 0.0876 0.0368, 0.0877 
aR1 = 3||Fo|-|Fc||/3|Fo|. bwR2 = [3[w(Fo2 – Fc2)2]/3[w(Fo2)2]]½, w = 1/σ2(Fo2) + (aP)2 + bP, where P = [max(0 
or Fo2) + 2(Fc2)]/3.  
 
Table IV.6 Selected internuclear distances for IV.3a at 110 K. 
 
 
 
 
  
distances, Å    
Fe1···Fe2 3.041(3)  
Fe1···Fe3 3.313(3)  
Fe2···Fe3 3.203(3)  
Fe1–N 2.098(4), 1.981(4), 2.117(4), 1.999(4)  
Fe2–N 1.992(4), 2.104(4), 2.108(4), 2.002(4)  
Fe3–N 2.116(4), 1.978(4), 2.122(4), 1.980(4)  
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Table IV.7 Crystallographic data for IV.3b. 
Compound IV.3b·2THF·0.18(H2O) 
Formula C64H54.36Zn3N12O2.18 
Crystal system Monoclinic 
Space group P21/n 
a, Å 11.592(1) 
b, Å 22.523(2) 
c, Å 20.574(2) 
α,° 90 
β,° 92.149(1) 
γ, ° 90 
Volume, Å3 5367.9(9) 
Z 4 
T, K 110 
ρcalcd (mg/m3) 1.513 
F(000) 2519 
ϴmin, ϴmax, ° 2.910, 65.123 
R1a, wR2b (I > 
2σ(I)) 
0.0350, 0.0853 
R1a, wR2b (all data) 0.0367, 0.0876 
aR1 = 3||Fo|-|Fc||/3|Fo|. bwR2 = [3[w(Fo2 – Fc2)2]/3[w(Fo2)2]]½, w = 1/σ2(Fo2) + (aP)2 + bP, where P = [max(0 
or Fo2) + 2(Fc2)]/3. 
 
Table IV.8 Selected internuclear distances for IV.3b. 
 
 
 
 
 
  
distances, Å    
Zn1···Zn2 3.5732(3)  
Zn1···Zn3 3.6322(2)  
Zn2···Zn3 3.7425(3)  
Zn1–N 1.954(2), 2.065(2), 2.072(2), 1.958(2)  
Zn2–N 1.955(2), 2.066(2), 2.069(2), 1.952(2)  
Zn3–N 1.942(2), 2.081(2), 2.080(2), 1.945(2)  
 
   
 
 170 
Table IV.9 Crystallographic data for IV.3c. 
Compound IV.3c·2THF 
Formula C64H54Fe2ZnN12O2 
Crystal system Monoclinic 
Space group P21/n 
a, Å 11.6640(7) 
b, Å 22.457(1) 
c, Å 20.421(1) 
α,° 90 
β,° 91.781(3) 
γ, ° 90 
Volume, Å3 5346.5(6) 
Z 4 
T, K 110 
ρcalcd (mg/m3) 1.491 
F(000) 2480 
ϴmin, ϴmax, ° 2.925, 70.174 
R1a, wR2b (I > 
2σ(I)) 
0.0333, 0.0823 
R1a, wR2b (all data) 0.0336, 0.0825 
aR1 = 3||Fo|-|Fc||/3|Fo|. bwR2 = [3[w(Fo2 – Fc2)2]/3[w(Fo2)2]]½, w = 1/σ2(Fo2) + (aP)2 + bP, where P = [max(0 
or Fo2) + 2(Fc2)]/3.  
 
Table IV.10 Selected internuclear distances for IV.3c. 
 
 
 
 
 
 
 
 
 
 
distances, Å    
Fe···Fe 3.2017(2), 3.2888(1), 3.4152(2)  
Zn···Zn 3.5323(2), 3.6110(1), 3.6865(2)  
Fe···Zn 
 
3.3601(2), 3.3754(2), 3.4400(1) 3.4625(2), 
3.5479(2), 3.5577(2) 
 
 
Fe1–N 2.133(4), 1.974(5), 2.124(5), 1.962(4)  
Fe2–N 2.154(4), 1.953(4), 2.121(4), 1.972(4)  
Fe3–N 2.126(4), 1.991(4), 2.137(4), 1.949(4)  
Zn1–N 1.949(7), 1.993(7), 2.043(8), 2.016(7)  
Zn2–N 2.005(6), 2.010(7), 2.066(7) ,1.978(7)  
Zn3–N 2.033(7), 1.973(7), 2.001(7), 2.035(7)  
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Table IV.11 Crystallographic data form IV.5. 
Compound IV.5·4THF 
Formula C72H71Co3N12O4 
Crystal system Orthorhombic 
Space group P212121 
a, Å 11.1259(6) 
b, Å 20.8239(9) 
c, Å 26.0770(13) 
α,° 90 
β,° 90 
γ, ° 90 
Volume, Å3 6041.6(5) 
Z 4 
T, K 110 
ρcalcd (mg/m3) 1.479 
F(000) 2800 
ϴmin, ϴmax, ° 2.22, 26.36 
R1a, wR2b (I > 
2σ(I)) 
0.063, 0.136 
R1a, wR2b (all data) 0.088, 0.150 
aR1 = 3||Fo|-|Fc||/3|Fo|. bwR2 = [3[w(Fo2 – Fc2)2]/3[w(Fo2)2]]½, w = 1/σ2(Fo2) + (aP)2 + bP, where P = [max(0 
or Fo2) + 2(Fc2)]/3.  
 
Table IV.12 Selected internuclear distances for IV.5. 
 
 
 
 
 
 
 
distances, Å    
Co1···Co2 7.6642(15)   
Co1···Co3 3.7521(15)  
Co2···Co3 
 
5.3522(15)  
 
Co1–N 1.873(6), 1.878(6), 1.988(6), 2.020(6)  
Co2–N 1.878(6), 1.866(6), 2.023(6), 2.024(6)  
Co3–N 1.978(6),1.988(6), 2.066(6), 2.091(7)  
Co1–O 2.279(5)  
Co2–O 2.234(6)  
   
 
 
CHAPTER V  
CONCLUDING REMARKS AND FUTURE DIRECTIONS 
 
In the preceding chapters, this thesis has presented strategies to utilize O2 in 
oxidative substrate functionalization and synthetic efforts to generate multinuclear 
transition metal complexes for small molecule activation. Chapters II and III presented 
strategies to access hypervalent iodine compounds from O2 by intercepting aldehyde 
autoxidation intermediates towards the goal of developing selective oxidase catalysis. 
Different from the initial hypothesis of well-behaved 2e– redox chemistry mediated by 
hypervalent iodine compounds, mechanistic study revealed hypervalent iodine reagents 
are accessed by a radical chain reaction initiated by aerobically generated acetoxy radicals. 
Although a radical chain mechanism makes the functionalization of oxidatively labile 
substrates, such as olefins, challenging, the one-electron processes and iodanyl radical 
intermediates provided the mechanistic basis for the development of electrocatalytic C–H 
functionalization mediated by hypervalent iodine reagents.324 Electrochemistry can enable 
the milder reaction condition and the higher functional group tolerance due to tunability 
on potential and current, and it obviates the need for the stoichiometric redox reagents.325 
Thus, the development of hypervalent iodine electrocatalysis would allow us to 
accomplish sustainable synthesis.  
Chapter IV described synthetic efforts to generate a family of trinuclear transition 
metallic complexes and the development of a strategy for the well-controlled synthesis of 
heterometallic trinuclear complexes. Due to inaccessible open-coordination site, small 
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molecule activation using the developed trinuclear complex could not be achieved. In 
order to accomplish the development of transition metal complex for small molecule 
activation, the future direction would be toward making open coordination site accessible 
in three different ways: (1) developing a trinuclear complex in different structure, (2) 
designing a more flexible ligand system, and (3) synthesizing binuclear complexes. The 
preliminary result from the synthesis of a tricobalt(II) compound suggests that we can 
access trinuclear complexes with five-coordinate metal ions in from two chelating 
pyridylpyrroles in square planar geometry and an axial THF molecule. The axial vacant 
coordination can be a potential substrate binding site, but this possibly leads to the loss of 
the cooperative effect due to the increased distance between metal ions. Thus, the 
synthesis of trinuclear complexes using ligands with larger spacing and more flexibility 
and the synthesis of binuclear complexes will be attempted to make the cis-divacant sites 
accessible without changing the distance between each metal significantly. The successful 
synthesis of these multinuclear complexes would allow us to accomplish our goal of the 
development of small molecule activation catalysis. 
 
 
 
 
174 
 
REFERENCES 
 
1. Zhang, W.;  Lai, W.; Cao, R. Energy-Related Small Molecule Activation Reactions: 
Oxygen Reduction and Hydrogen and Oxygen Evolution Reactions Catalyzed by 
Porphyrin- and Corrole-Based Systems. Chem. Rev. 2017, 117, 3717–3797. 
2. Blankenship, R. E.;  Tiede, D. M.;  Barber, J.;  Brudvig, G. W.;  Fleming, G.;  Ghirardi, 
M.;  Gunner, M. R.;  Junge, W.;  Kramer, D. M.;  Melis, A.;  Moore, T. A.;  Moser, C. C.;  
Nocera, D. G.;  Nozik, A. J.;  Ort, D. R.;  Parson, W. W.;  Prince, R. C.; Sayre, R. T. 
Comparing Photosynthetic and Photovoltaic Efficiencies and Recognizing the Potential 
for Improvement. Science 2011, 332, 805–809. 
3. Wallar, B. J.; Lipscomb, J. D. Dioxygen Activation by Enzymes Containing Binuclear 
Non-Heme Iron Clusters. Chem. Rev. 1996, 96, 2625–2658. 
4. Jasniewski, A. J.; Que, L. Dioxygen Activation by Nonheme Diiron Enzymes: Diverse 
Dioxygen Adducts, High-Valent Intermediates, and Related Model Complexes. Chem. 
Rev. 2018, 118, 2554–2592. 
5. Zografos, A.; Petsi, M. Advances in Catalytic Aerobic Oxidations by Activation of 
Dioxygen-Monooxygenase Enzymes and Biomimetics. Synthesis 2018, 50, 4715–4745. 
6. Stahl, S. S. Palladium Oxidase Catalysis: Selective Oxidation of Organic Chemicals by 
Direct Dioxygen-Coupled Turnover. Angew. Chem. Int. Ed. 2004, 43, 3400–3420. 
7. Borden, W. T.;  Hoffmann, R.;  Stuyver, T.; Chen, B. Dioxygen: What Makes this Triplet 
Diradical Kinetically Persistent? J. Am. Chem. Soc. 2017, 139, 9010-9018. 
 
175 
 
8. Filatov, M.;  Reckien, W.;  Peyerimhoff, S. D.; Shaik, S. What are the Rasons for the 
Knetic Sability of a Mixture of H2 and O2? J. Phys. Chem. A 2000, 104, 12014-12020. 
9. Ho, R. Y. N.;  Liebman, J. F.; Valentine, J. S. Overview of the Energetics and Reactivity 
of Oxygen. In Active Oxygen in Chemistry, Foote, C. S.;  Valentine, J. S.;  Greenberg, A.; 
Liebman, J. F. Eds. Springer Netherlands: Dordrecht, 1995; pp 1–23. 
10. McCann, S. D.; Stahl, S. S. Copper-Catalyzed Aerobic Oxidations of Organic Molecules: 
Pathways for Two-Electron Oxidation with a Four-Electron Oxidant and a One-Electron 
Redox-Active Catalyst. Acc. Chem. Res. 2015, 48, 1756-66. 
11. Tinberg, C. E.; Lippard, S. J. Dioxygen Activation in Soluble Methane Monooxygenase. 
Acc. Chem. Res. 2011, 44, 280–288. 
12. Heimbrook, D. C.;  Murray, R. I.;  Egeberg, K. D.;  Sligar, S. G.;  Nee, M. W.; Bruice, T. 
C. Demethylation of N,N-Dimethylaniline and p-Cyano-N,N-dimethylaniline and Their 
N–Oxides by Cytochromes P450LM2 and P450CAM. J. Am. Chem. Soc. 1984, 106, 1514-
1515. 
13. Price, J. C.;  Barr, E. W.;  Tirupati, B.;  Bollinger, J. M.; Krebs, C. The First Direct 
Characterization of a High-Valent Iron Intermediate in the Reaction of an α-Ketoglutarate-
Dependent Dioxygenase: A High-Spin Fe(IV) Complex in Taurine/α-Ketoglutarate 
Dioxygenase (TauD) from Escherichia Coli. Biochemistry 2003, 42, 7497-7508. 
14. Wang, W. X.;  Liang, A. D.; Lippard, S. J. Coupling Oxygen Consumption with 
Hydrocarbon Oxidation in Bacterial Multicomponent Monooxygenases. Acc. Chem. Res. 
2015, 48, 2632–2639. 
 
176 
 
15. Ortiz de Montellano, P. R.; De Voss, J. J. Cytochrome P450: Structure, Mechanism, and 
Biochemistry. Springer: New York, New York, 2005. 
16. Ortiz de Montellano, P. R. Hydrocarbon Hydroxylation by Cytochrome P450 Enzymes. 
Chem. Rev. 2010, 110, 932–948. 
17. Huang, X.; Groves, J. T. Oxygen Activation and Radical Transformations in Heme 
Proteins and Metalloporphyrins. Chem. Rev. 2018, 118, 2491–2553. 
18. Poulos, T. L. Heme Enzyme Structure and Function. Chem. Rev. 2014, 114, 3919–3962. 
19. Decker, A.; Solomon, E. I. Dioxygen activation by copper, heme and non-heme iron 
enzymes: comparison of electronic structures and reactivities. Curr. Opin. Chem. Biol. 
2005, 9, 152–163. 
20. Mehn, M. P.;  Fujisawa, K.;  Hegg, E. L.; Que, L. Oxygen Activation by Nonheme Iron(II) 
Complexes: α-Keto Carboxylate versus Carboxylate. J. Am. Chem. Soc. 2003, 125, 7828–
7842. 
21. Kivirikko, K. I.;  Myllylä, R.; Pihlajaniemi, T. Protein hydroxylation: prolyl 4-hydroxylase, 
an enzyme with four cosubstrates and a multifunctional subunit. FASEB J. 1989, 3, 1609–
1617. 
22. Salowe, S. P.;  Marsh, E. N.; Townsend, C. A. Purification and characterization of 
clavaminate synthase from Streptomyces clavuligerus: an unusual oxidative enzyme in 
natural product biosynthesis. Biochemistry 1990, 29, 6499–6508. 
23. Hegg, E. L.; Que Jr., L. Q. The 2-His-1-Carboxylate Facial Triad — An Emerging 
Structural Motif in Mononuclear Non-Heme Iron(II) Enzymes. Eur. J. Biochem. 1997, 
250, 625–629. 
 
177 
 
24. Banerjee, R.;  Proshlyakov, Y.;  Lipscomb, J. D.; Proshlyakov, D. A. Structure of the Key 
Species in the Enzymatic Oxidation of Methane to Methanol. Nature 2015, 518, 431–434. 
25. Castillo, R. G.;  Banerjee, R.;  Allpress, C. J.;  Rohde, G. T.;  Bill, E.;  Que, L.;  Lipscomb, 
J. D.; DeBeer, S. High-Energy-Resolution Fluorescence-Detected X-ray Absorption of the 
Q Intermediate of Soluble Methane Monooxygenase. J. Am. Chem. Soc. 2017, 139, 
18024–18033. 
26. Groves, J. T.; Quinn, R. Aerobic Epoxidation of Olefins with Ruthenium Porphyrin 
Catalysts. J. Am. Chem. Soc. 1985, 107, 5790–5792. 
27. Hill, C. L.; Weinstock, I. A. On the Trail of Dioxygen Activation. Nature 1997, 388, 332–
333. 
28. Pereira, M. M.;  Dias, L. D.; Calvete, M. J. F. Metalloporphyrins: Bioinspired Oxidation 
Catalysts. ACS Catal. 2018, 8, 10784–10808. 
29. Groves, J. T.;  Nemo, T. E.; Myers, R. S. Hydroxylation and Epoxidation Catalyzed by 
Iron-Porphine Complexes. Oxygen Transfer from Iodosylbenzene. J. Am. Chem. Soc. 
1979, 101, 1032–1033. 
30. Groves, J. T.; Nemo, T. E. Epoxidation Reactions Catalyzed by Iron Porphyrins. Oxygen 
Transfer from Iodosylbenzene. J. Am. Chem. Soc. 1983, 105, 5786–5791. 
31. Groves, J. T.; Nemo, T. E. Aliphatic Hydroxylation Catalyzed by Iron Porphyrin 
Complexes. J. Am. Chem. Soc. 1983, 105, 6243–6248. 
32. Liu, W.;  Huang, X.;  Cheng, M.-J.;  Nielsen, R. J.;  Goddard, W. A.; Groves, J. T. 
Oxidative Aliphatic C–H Fluorination with Fluoride Ion Catalyzed by a Manganese 
Porphyrin. Science 2012, 337, 1322–1325. 
 
178 
 
33. Huang, X.;  Bergsten, T. M.; Groves, J. T. Manganese-Catalyzed Late-Stage Aliphatic C–
H Azidation. J. Am. Chem. Soc. 2015, 137, 5300–5303. 
34. Liu, W.; Groves, J. T. Manganese Catalyzed C–H Halogenation. Acc. Chem. Res. 2015, 
48, 1727–1735. 
35. Ha, E. H.;  Ho, R. Y. N.;  Kisiel, J. F.; Valentine, J. S. Modeling the Reactivity of α-
Ketoglutarate-Dependent Non-Heme Iron(II)-Containing Enzymes. Inorg. Chem. 1995, 
34, 2265–2266. 
36. Mehn, M. P.;  Fujisawa, K.;  Hegg, E. L.; Que Jr., L. Oxygen Activation by Nonheme 
Iron(II) Complexes: α-Keto Carboxylate versus Carboxylate. J. Am. Chem. Soc. 2003, 125, 
7828–7842. 
37. Kleespies, S. T.;  Oloo, W. N.;  Mukherjee, A.; Que Jr., L. C–H Bond Cleavage by 
Bioinspired Nonheme Oxoiron(IV) Complexes, Including Hydroxylation of n-Butane. 
Inorg. Chem. 2015, 54, 5053–5064. 
38. Mukherjee, A.;  Martinho, M.;  Bominaar, E. L.;  Münck, E.; Que Jr., L. Shape-Selective 
Interception by Hydrocarbons of the O2-Derived Oxidant of a Biomimetic Nonheme Iron 
Complex. Angew. Chem. Int. Ed. 2009, 48, 1780–1783. 
39. ten Brink, G.-J.;  Arends, I.; Sheldon, R. A. Green, Catalytic Oxidation of Alcohols in 
Water. Science 2000, 287, 1636–1639. 
40. Ferreira, E. M.; Stoltz, B. M. The Palladiuim-Catalyzed Oxidative Kinetic Resolution of 
Secondary Alcohols with Molecular Oxygen. J. Am. Chem. Soc. 2001, 123, 7725–7726. 
 
179 
 
41. Jensen, D. R.;  Pugsley, J. S.; Sigman, M. S. Palladium-Catalyzed Enantioselective 
Oxidations of Alcohols Using Molecular Oxygen. J. Am. Chem. Soc. 2001, 123, 7475–
7476. 
42. Brice, J. L.;  Harang, J. E.;  Timokhin, V. I.;  Anastasi, N. R.; Stahl, S. S. Aerobic Oxidative 
Amination of Unactivated Alkenes Catalyzed by Palladium. J. Am. Chem. Soc. 2005, 127, 
2868–2869. 
43. Rogers, M. M.;  Kotov, V.;  Chatwichien, J.; Stahl, S. S. Palladium-Catalyzed Oxidative 
Amination of Alkenes: Improved Catalyst Reoxidation Enables the Use of Alkene as the 
Limiting Reagent. Org. Lett. 2007, 9, 4331–4334. 
44. Zhang, Y.-H.; Yu, J.-Q. Pd(II)-Catalyzed Hydroxylation of Arenes with 1 atm of O2 or 
Air. J. Am. Chem. Soc. 2009, 131, 14654–14655. 
45. Passoni, L. C.;  Cruz, A. T.;  Buffon, R.; Schuchardt, U. Direct Selective Oxidation of 
Benzene to Phenol Using Molecular Oxygen in the Presence of Palladium and 
Heteropolyacids. J. Mol. Catal. Chem. 1997, 120, 117–123. 
46. Dams, M.;  De Vos, D. E.;  Celen, S.; Jacobs, P. A. Toward Waste-Free Production of 
Heck Products with a Catalytic Palladium System under Oxygen. Angew. Chem. Int. Ed. 
2003, 42, 3512–3515. 
47. Grimster, N. P.;  Gauntlett, C.;  Godfrey, C. R. A.; Gaunt, M. J. Palladium-Catalyzed 
Intermolecular Alkenylation of Indoles by Solvent-Controlled Regioselective C–H 
Functionalization. Angew. Chem. Int. Ed. 2005, 44, 3125–3129. 
 
180 
 
48. Beck, E. M.;  Grimster, N. P.;  Hatley, R.; Gaunt, M. J. Mild Aerobic Oxidative 
Palladium(II) Catalyzed C–H Bond Functionalization: Regioselective and Switchable C–
H Alkenylation and Annulation of Pyrroles. J. Am. Chem. Soc. 2006, 128, 2528–2529. 
49. Fujiwara, Y.;  Moritani, I.;  Danno, S.;  Asano, R.; Teranish.S, Aromatic Substitution of 
Olefins .VI. Arylation of Olefins with Palladium(II) Acetate. J. Am. Chem. Soc. 1969, 91 
(25), 7166–7169. 
50. Boele, M. D. K.;  van Strijdonck, G. P. F.;  de Vries, A. H. M.;  Kamer, P. C. J.;  de Vries, 
J. G.; van Leeuwen, P. Selective Pd-Catalyzed Oxidative Coupling of Anilides with 
Olefins Through C–H Bond Activation at Room Temperature. J. Am. Chem. Soc. 2002, 
124, 1586–1587. 
51. Liu, G.;  Yin, G.; Wu, L. Palladium-Catalyzed Intermolecular Aerobic Oxidative 
Amination of Terminal Alkenes: Efficient Synthesis of Linear Allylamine Derivatives. 
Angew. Chem. Int. Ed. 2008, 47, 4733–4736. 
52. Reed, S. A.; White, M. C. Catalytic Intermolecular Linear Allylic C–H Amination via 
Heterobimetallic Catalysis. J. Am. Chem. Soc. 2008, 130, 3316–3318. 
53. Reed, S. A.;  Mazzotti, A. R.; White, M. C. A Catalytic, Bronsted Base Strategy for 
Intermolecular Allylic C–H Amination. J. Am. Chem. Soc. 2009, 131, 11701–11706. 
54. Lin, B.-L.;  Labinger, J. A.; Bercaw, J. E. Mechanistic Investigations of Bipyrimidine-
Promoted Palladium-Catalyzed Allylic Acetoxylation of Olefins. Can. J. Chem. 2009, 87, 
264–271. 
 
181 
 
55. Bäckvall, J.-E.;  Awasthi, A. K.; Renko, Z. D. Biomimetic Aerobic 1,4-Oxidation of 1,3-
Dienes Catalyzed by Cobalt Tetraphenylporphyrin-Hydroquinone-Palladium(II) - An 
Example of Triple Catalysis. J. Am. Chem. Soc. 1987, 109, 4750–4752. 
56. Bäckvall, J.-E.;  Hopkins, R. B.;  Grennberg, H.;  Mader, M. M.; Awasthi, A. K. Multistep 
Electron-Transfer in Palladium-Catalyzed Aerobic Oxidations via a Metal Macrocycle–
Quinone System. J. Am. Chem. Soc. 1990, 112, 5160–5166. 
57. Wendlandt, A. E.; Stahl, S. S. Quinone-Catalyzed Selective Oxidation of Organic 
Molecules. Angew. Chem. Int. Ed. 2015, 54, 14638–14658. 
58. Morandi, B.;  Wickens, Z. K.; Grubbs, R. H. Practical and General Palladium-Catalyzed 
Synthesis of Ketones from Internal Olefins. Angew. Chem. Int. Ed. 2013, 52, 2944–2948. 
59. Wang, D.;  Weinstein, A. B.;  White, P. B.; Stahl, S. S. Ligand-Promoted Palladium-
Catalyzed Aerobic Oxidation Reactions. Chem. Rev. 2018, 118, 2636–2679. 
60. Larock, R. C.; Hightower, T. R. Synthesis of Unsaturated Lactones via Palladium-
Catalyzed Cyclization of Alkenoic Acids. J. Org. Chem. 1993, 58, 5298–5300. 
61. Larock, R. C.;  Hightower, T. R.;  Hasvold, L. A.; Peterson, K. P. Palladium(II)-Catalyzed 
Cyclization of Olefinic Tosylamides. J. Org. Chem. 1996, 61, 3584–3585. 
62. Larock, R. C.;  Wei, L.; Hightower, T. R. Synthesis of 2H-1-Benzopyrans by Pd-Catalyzed 
Cyclization of o-Allylic Phenols. Synlett 1998, 1998, 522–524. 
63. van Benthem, R. A. T. M.;  Hiemstra, H.;  Longarela, G. R.; Speckamp, W. N. Formamide 
as a Superior Nitrogen Nucleophile in Palladium(II) Mediated Synthesis of Imidazolidines. 
Tetrahedron Lett. 1994, 35, 9281–9284. 
 
182 
 
64. van Benthem, R. A. T. M.;  Hiemstra, H.;  Michels, J. J.; Speckamp, W. N. Palladium(II)-
Catalysed Oxidation of Allylic Amines with Molecular Oxygen. J. Chem. Soc., Chem. 
Commun. 1994, 357–359. 
65. Rönn, M.;  Bäckvall, J.-E.; Andersson, P. G. Palladium(II)-Catalyzed Cyclization Using 
Molecular Oxygen as Reoxidant. Tetrahedron Lett. 1995, 36, 7749–7752. 
66. Rönn, M.;  Andersson, P. G.; Bäckvall, J.-E. The Use of Stabilized Carbon Nucleophiles 
in Palladium(II)-Catalyzed 1,4-Oxidation of Conjugated Dienes. Tetrahedron Lett. 1997, 
38, 3603–3606. 
67. Jung, Y. C.;  Mishra, R. K.;  Yoon, C. H.; Jung, K. W. Oxygen-Promoted Pd(II) Catalysis 
for the Coupling of Organoboron Compounds and Olefins. Org. Lett. 2003, 5, 2231–2234. 
68. Yoon, C. H.;  Yoo, K. S.;  Yi, S. W.;  Mishra, R. K.; Jung, K. W. Oxygen-Promoted 
Palladium(II) Catalysis:  Facile C(sp2)−C(sp2) Bond Formation via Cross-Coupling of 
Alkenylboronic Compounds and Olefins. Org. Lett. 2004, 6, 4037–4039. 
69. Mitsudome, T.;  Umetani, T.;  Nosaka, N.;  Mori, K.;  Mizugaki, T.;  Ebitani, K.; Kaneda, 
K. Convenient and Efficient Pd-Catalyzed Regioselective Oxyfunctionalization of 
Terminal Olefins by Using Molecular Oxygen as Sole Reoxidant. Angew. Chem. Int. Ed. 
2006, 45, 481–485. 
70. Mitsudome, T.;  Mizumoto, K.;  Mizugaki, T.;  Jitsukawa, K.; Kaneda, K. Wacker-Type 
Oxidation of Internal Olefins Using a PdCl2/N,N-Dimethylacetamide Catalyst System 
under Copper-Free Reaction Conditions. Angew. Chem. Int. Ed. 2010, 49, 1238–1240. 
 
183 
 
71. Yang, W.;  Chen, H.;  Li, J.;  Li, C.;  Wu, W.; Jiang, H. Palladium-Catalyzed Aerobic 
Oxidative Double Allylic C–H Oxygenation of Alkenes: a Novel and Straightforward 
Route to α,β-Unsaturated Esters. Chem. Commun. 2015, 51, 9575–9578. 
72. White, P. B.;  Jaworski, J. N.;  Fry, C. G.;  Dolinar, B. S.;  Guzei, I. A.; Stahl, S. S. 
Structurally Diverse Diazafluorene-Ligated Palladium(II) Complexes and Their 
Implications for Aerobic Oxidation Reactions. J. Am. Chem. Soc. 2016, 138, 4869–4880. 
73. Das, P.;  Saha, D.;  Saha, D.; Guin, J. Aerobic Direct C(sp2)–H Hydroxylation of 2-
Arylpyridines by Palladium Catalysis Induced with Aldehyde Auto-Oxidation. ACS Catal. 
2016, 6, 6050–6054. 
74. Takai, T.;  Hata, E.;  Yamada, T.; Mukaiyama, T. Aerobic epoxidation of Olefinic 
Compounds Catalyzed by Tris(1,3-diketonato)iron(III). Bull. Chem. Soc. Jpn. 1991, 64, 
2513–2518. 
75. Yamada, T.;  Takai, T.;  Rhode, O.; Mukaiyama, T. Direct Epoxidation of Olefins 
Catalyzed by Nickel(II) Complexes with Molecular-Oxygen and Aldehydes. Bull. Chem. 
Soc. Jpn. 1991, 64, 2109–2117. 
76. Yamada, T.;  Takai, T.;  Rhode, O.; Mukaiyama, T. Highly Efficient Method for 
Epoxidation of Olefins with Molecular-Oxygen and Aldehydes Catalyzed by Nickel(Ii) 
Complexes. Chem. Lett. 1991, 1–4. 
77. Yamada, T.;  Imagawa, K.; Mukaiyama, T. Beta-Selective Epoxidation of Cholesterol 
Derivatives with Molecular-Oxygen and Aldehyde Catalyzed by Manganese(II) Complex. 
Chem. Lett. 1992, 2109–2112. 
 
184 
 
78. Mukaiyama, T.;  Yamada, T.;  Nagata, T.; Imagawa, K. Asymmetric Aerobic Epoxidation 
of Unfunctionalized Olefins Catalyzed By Optically-active alpha-Alkoxycarbonyl-beta-
Ketoiminato Manganese(III) Complexes. Chem. Lett. 1993, 327–330. 
79. Mukaiyama, T.; Yamada, T. Recent Advances in Aerobic Oxygenation. Bull. Chem. Soc. 
Jpn. 1995, 68, 17–35. 
80. Wentzel, B. B.;  Alsters, P. L.;  Feiters, M. C.; Nolte, R. J. M. Mechanistic Studies on the 
Mukaiyama Epoxidation. J. Org. Chem. 2004, 69, 3453–3464. 
81. Nam, W.;  Kim, H. J.;  Kim, S. H.;  Ho, R. Y. N.; Valentine, J. S. Metal Complex-
Catalyzed Epoxidation of Olefins by Dioxygen with Co-Oxidation of Aldehydes. A 
Mechanistic Study. Inorg. Chem. 1996, 35, 1045–1049. 
82. Mizuno, N.;  Weiner, H.; Finke, R. G. Co-oxidative Epoxidation of Cyclohexene with 
Molecular Oxygen, Isobutyraldehyde Reductant, and the Polyoxoanion-Supported 
Catalyst Precursor [(n-C4H9)4N]5Na3[(1,5-COD)Ir · P2W15Nb3O62]. The Importance of 
Key Control Experiments Including Omitting the Catalyst and Adding Radical-Chain 
Initiators. J. Mol. Catal. A: Chemical 1996, 114, 15–28. 
83. Kaneda, K.;  Haruna, S.;  Imanaka, T.;  Hamamoto, M.;  Nishiyama, Y.; Ishii, Y. A 
Convenient Synthesis of Epoxides from Olefins Using Molecular Oxygen in the Absence 
of Metal Catalysts. Tetrahedron Lett. 1992, 33, 6827–6830. 
84. Lassila, K. R.;  Waller, F. J.;  Werkheiser, S. E.; Wressell, A. L. Aldehyde/Olefin 
Cooxidations: Parallel Epoxidation Pathways and Concerted Decomposition of the 
Peroxyacyl-Olefin Adduct. Tetrahedron Lett. 1994, 35, 8077–8080. 
 
185 
 
85. Jarboe, S. G.; Beak, P. Mechanism of Oxygen Transfer in the Epoxidation of an Olefin by 
Molecular Oxygen in the Presence of an Aldehyde. Org. Lett. 2000, 2, 357–360. 
86. Woods, K. W.; Beak, P. The Endocyclic Restriction Test: An Experimental Evaluation of 
the Geometry at Oxygen in the Transition Structure for Epoxidation of an Alkene by a 
Peroxy Acid. J. Am. Chem. Soc. 1991, 113, 6281–6283. 
87. Manfred-Weber;  Markus-Weber; Kleine-Boymann, M. Ullmann’s Encyclopedia of 
Industrial Chemistry. 2012; Vol. 26. 
88. Tomas, R. A. F.;  Bordado, J. C. M.; Gomes, J. F. P. p-Xylene Oxidation to Terephthalic 
Acid: A Literature Review Oriented toward Process Optimization and Development. 
Chem. Rev. 2013, 113, 7421–7469. 
89. Vinogradov, M. G.;  Gachechiladze, G. G.;  Kereselidze, R. V.; Nikishin, G. I. Addition 
of Aldehydes to Unsaturated Compounds Induced by Autooxidation. Russ. Chem. Bull. 
1969, 18, 276−281. 
90. Chudasama, V.;  Fitzmaurice, R. J.; Caddick, S. Hydroacylation of Alpha, Beta-
Unsaturated Esters via Aerobic C–H Activation. Nat. Chem. 2010, 2, 592–596. 
91. Paul, S.; Guin, J. Dioxygen-Mediated Decarbonylative C–H Alkylation of Heteroaromatic 
Bases with Aldehydes. Chem. Eur. J. 2015, 21, 17618–17622. 
92. Culpepper, M. A.; Rosenzweig, A. C. Architecture and Active Site of Particulate Methane 
Monooxygenase. Crit. Rev. Biochem. Mol. Biol. 2012, 47, 483–492. 
93. Seefeldt, L. C.;  Hoffman, B. M.; Dean, D. R. Mechanism of Mo-Dependent Nitrogenase. 
Annu. Rev. Biochem. 2009, 78, 701–722. 
 
186 
 
94. Hoffman, B. M.;  Lukoyanov, D.;  Yang, Z.-Y.;  Dean, D. R.; Seefeldt, L. C. Mechanism 
of Nitrogen Fixation by Nitrogenase: The Next Stage. Chem. Rev. 2014, 114, 4041–4062. 
95. Ohki, Y.;  Uchida, K.;  Tada, M.;  Cramer, R. E.;  Ogura, T.; Ohta, T. N2 Activation on a 
Molybdenum–Titanium–Sulfur Cluster. Nat. Commun. 2018, 9, 3200. 
96. Kärkäs, M. D.;  Verho, O.;  Johnston, E. V.; Åkermark, B. Artificial Photosynthesis: 
Molecular Systems for Catalytic Water Oxidation. Chem. Rev. 2014, 114, 11863–12001. 
97. Hidai, M.;  Kuwata, S.; Mizobe, Y. Synthesis and Reactivities of Cubane-Type Sulfido 
Clusters Containing Noble Metals. Acc. Chem. Res. 2000, 33, 46–52. 
98. DeRosha, D. E.;  Chilkuri, V. G.;  Van Stappen, C.;  Bill, E.;  Mercado, B. Q.;  DeBeer, 
S.;  Neese, F.; Holland, P. L. Planar Three-Coordinate Iron Sulfide in a Synthetic [4Fe-
3S] Cluster with Biomimetic Reactivity. Nat. Chem. 2019, 11, 1019–1025. 
99. Ciurli, S.; Holm, R. H. Insertion of Vanadium-Iron-Sulfur, [VFe3S4]2+, and Molybdenum-
Iron-Sulfur, [MoFe3S4]3+, Cores into a Semirigid Trithiolate Cavitand Ligand: 
Regiospecific Reactions at a Vanadium Site Similar to that in Nitrogenase. Inorg. Chem. 
1989, 28, 1685–1690. 
100. Whitener, M. A.;  Peng, G.; Holm, R. H. Subsite-Differentiated Analogs of Biological 
[4Fe-4S] Clusters Effected by Binding of a Macrocyclic Polyether Trithiol. Inorg. Chem. 
1991, 30, 2411–2417. 
101. Kanady, J. S.;  Tsui, E. Y.;  Day, M. W.; Agapie, T. A synthetic model of the Mn₃Ca 
subsite of the oxygen-evolving complex in photosystem II. Science 2011, 333, 733–736. 
 
187 
 
102. Fout, A. R.;  Zhao, Q.;  Xiao, D. J.; Betley, T. A. Oxidative Atom-Transfer to a 
Trimanganese Complex To Form Mn6(µ6-E) (E = O, N) Clusters Featuring Interstitial 
Oxide and Nitride Functionalities. J. Am. Chem. Soc. 2011, 133, 16750–16753. 
103. Powers, T. M.;  Fout, A. R.;  Zheng, S.-L.; Betley, T. A. Oxidative Group Transfer to a 
Triiron Complex to Form a Nucleophilic µ3-Nitride, [Fe3(µ3-N)]−. J. Am. Chem. Soc. 2011, 
133, 3336-3338. 
104. Powers, T. M.; Betley, T. A. Testing the Polynuclear Hypothesis: Multielectron Reduction 
of Small Molecules by Triiron Reaction Sites. J. Am. Chem. Soc. 2013, 135, 12289–12296. 
105. Bartholomew, A. K.;  Juda, C. E.;  Nessralla, J. N.;  Lin, B.;  Wang, S. G.;  Chen, Y.-S.; 
Betley, T. A. Ligand-Based Control of Single-Site vs. Multi-Site Reactivity by a 
Trichromium Cluster. Angew. Chem. Int. Ed. 2019, 58, 5687–5691. 
106. Fout, A. R.;  Xiao, D. J.;  Zhao, Q.;  Harris, T. D.;  King, E. R.;  Eames, E. V.;  Zheng, S.-
L.; Betley, T. A. Trigonal Mn3 and Co3 Clusters Supported by Weak-Field Ligands: A 
Structural, Spectroscopic, Magnetic, and Computational Investigation into the Correlation 
of Molecular and Electronic Structure. Inorg. Chem. 2012, 51, 10290–10299. 
107. Cook, B. J.;  Di Francesco, G. N.;  Ferreira, R. B.;  Lukens, J. T.;  Silberstein, K. E.;  
Keegan, B. C.;  Catalano, V. J.;  Lancaster, K. M.;  Shearer, J.; Murray, L. J. Chalcogen 
Impact on Covalency within Molecular [Cu3(µ3-E)]3+ Clusters (E = O, S, Se): A Synthetic, 
Spectroscopic, and Computational Study. Inorg. Chem. 2018, 57, 11382–11392. 
108. Lee, Y.;  Sloane, F. T.;  Blondin, G.;  Abboud, K. A.;  García-Serres, R.; Murray, L. J. 
Dinitrogen Activation Upon Reduction of a Triiron(II) Complex. Angew. Chem. Int. Ed. 
2015, 54, 1499–1503. 
 
188 
 
109. Ferreira, R. B.;  Cook, B. J.;  Knight, B. J.;  Catalano, V. J.;  García-Serres, R.; Murray, 
L. J. Catalytic Silylation of Dinitrogen by a Family of Triiron Complexes. ACS Catal. 
2018, 8, 7208–7212. 
110. Ermert, D. M.; Murray, L. J. Insights into Small Molecule Activation by Multinuclear 
First-Row Transition Metal Cyclophanates. Dalton Trans. 2016, 45, 14499–14507. 
111. Ferreira, R. B.; Murray, L. J. Cyclophanes as Platforms for Reactive Multimetallic 
Complexes. Acc. Chem. Res. 2019, 52, 447–455. 
112. Okamura, M.;  Kondo, M.;  Kuga, R.;  Kurashige, Y.;  Yanai, T.;  Hayami, S.;  Praneeth, 
V. K. K.;  Yoshida, M.;  Yoneda, K.;  Kawata, S.; Masaoka, S. A Pentanuclear Iron 
Catalyst Designed for Water Oxidation. Nature 2016, 530, 465–468. 
113. Praneeth, V. K. K.;  Kondo, M.;  Okamura, M.;  Akai, T.;  Izu, H.; Masaoka, S. 
Pentanuclear Iron Catalysts for Water Oxidation: Substituents Provide Two Routes to 
Control Onset Potentials. Chem. Sci. 2019, 10, 4628–4639. 
114. Akai, T.;  Kondo, M.;  Lee, S. K.;  Izu, H.;  Enomoto, T.;  Okamura, M.;  Saga, Y.; 
Masaoka, S. Effect of Metal Ion Substitution on the Catalytic Activity of a Pentanuclear 
Metal Complex. Dalton Trans. 2020, 49, 1384–1387. 
115. Kondo, M.; Masaoka, S. Pentanuclear Scaffold: A Molecular Platform for Small-Molecule 
Conversions. Acc. Chem. Res. 2020, 53, 2140–2151. 
116. Ellis, W. C.;  McDaniel, N. D.;  Bernhard, S.; Collins, T. J. Fast Water Oxidation Using 
Iron. J. Am. Chem. Soc. 2010, 132, 10990–10991. 
117. Liu, W. G.;  Sberegaeva, A. V.;  Nielsen, R. J.;  Goddard, W. A., 3rd; Vedernikov, A. N. 
Mechanism of O2 Activation and Methanol Production by (Di(2-
 
189 
 
pyridyl)methanesulfonate)Pt(II)Me(OHn)(2-n)- Complex from Theory with Validation from 
Experiment. J. Am. Chem. Soc. 2014, 136, 2335–2341. 
118. Coggins, M. K.;  Zhang, M.-T.;  Vannucci, A. K.;  Dares, C. J.; Meyer, T. J. 
Electrocatalytic Water Oxidation by a Monomeric Amidate-Ligated Fe(III)–Aqua 
Complex. J. Am. Chem. Soc. 2014, 136, 5531–5534. 
119. Wickramasinghe, L. D.;  Zhou, R.;  Zong, R.;  Vo, P.;  Gagnon, K. J.; Thummel, R. P. 
Iron Complexes of Square Planar Tetradentate Polypyridyl-Type Ligands as Catalysts for 
Water Oxidation. J. Am. Chem. Soc. 2015, 137, 13260–13263. 
120. Kottrup, K. G.;  D’Agostini, S.;  van Langevelde, P. H.;  Siegler, M. A.; Hetterscheid, D. 
G. H. Catalytic Activity of an Iron-Based Water Oxidation Catalyst: Substrate Effects of 
Graphitic Electrodes. ACS Catal. 2018, 8, 1052–1061. 
121. Annunziata, A.;  Esposito, R.;  Gatto, G.;  Cucciolito, M. E.;  Tuzi, A.;  Macchioni, A.; 
Ruffo, F. Iron(III) Complexes with Cross-Bridged Cyclams: Synthesis and Use in Alcohol 
and Water Oxidation Catalysis. Eur. J. Inorg. Chem. 2018, 2018, 3304–3311. 
122. Campbell, A. N.; Stahl, S. S. Overcoming the "Oxidant Problem": Strategies to Use O2 as 
the Oxidant in Organometallic C–H Oxidation Reactions Catalyzed by Pd (and Cu). Acc. 
Chem. Res 2012, 45, 851-863. 
123. Howard, J. A. Homogeneous Liquid Phase Autoxidations in Free Radicals. John Wiley & 
Sons: New York, 1973. 
124. Walling, C. Autoxidation. Eds. Blackie Academic and Professional: New York, 1995. 
125. Lucarini, M.; Pedulli, G. F. Free Radical Intermediates in the Inhibition of the 
Autoxidation Reaction. Chem. Soc. Rev. 2010, 39, 2106–2119. 
 
190 
 
126. Poon, J. F.; Pratt, D. A. Recent Insights on Hydrogen Atom Transfer in the Inhibition of 
Hydrocarbon Autoxidation. Acc. Chem. Res. 2018, 51, 1996–2005. 
127. Reich, L.; Stivala, S. S. Autoxidation of Hydrocarbons and Polyolefins: Kinetics and 
Mechanisms. Dekker: 1969. 
128. Wöhler; Liebig, Untersuchungen über das Radikal der Benzoesäure. Ann. Pharm. 1832, 
3, 249–282. 
129. Bäckström, H. L. J. The Chain-Reaction Theory of Negative Catalysis. J. Am. Chem. Soc. 
1927, 49, 1460–1472. 
130. Blanchard, H. S. A Study of the Mechanism of Cumene Autoxidation. Mechanism of the 
Interaction of t-Peroxy Radicals. J. Am. Chem. Soc. 1959, 81, 4548–4552. 
131. McDowell, C. A.; Sifniades, S. Oxygen-18 Tracer Evidence for the Termination 
Mecahnism in the Photochemical Oxidation of Acetaldehyde. Can. J. Chem. 1963, 41, 
300–307. 
132. Ingold, K. U. Peroxy Radicals. Acc. Chem. Res. 1969, 2, 1–9. 
133. Howard, J. A.; Ingold, K. U. Self-Reaction of sec-Butylperoxy Radicals. Confirmation of 
the Russell Mechanism. J. Am. Chem. Soc. 1968, 90, 1056–1058. 
134. Zhang, P.;  Wang, W.;  Zhang, T.;  Chen, L.;  Du, Y.;  Li, C.; Lü, J. Theoretical Study on 
the Mechanism and Kinetics for the Self-Reaction of C2H5O2 Radicals. J. Phys. Chem. A 
2012, 116, 4610–4620. 
135. Clinton, N. A.;  Kenley, R. A.; Traylor, T. G. Acetaldehyde Autoxidation. I. Products of 
Termination. J. Am. Chem. Soc. 1975, 97, 3746–3751. 
 
191 
 
136. Weinstein, A. B.; Stahl, S. S. Palladium Catalyzed Aryl C–H Amination with O2 via In 
Situ Formation of Peroxide-Based Oxidant(s) from Dioxane. Catal. Sci. Technol. 2014, 4, 
4301–4307. 
137. Das, P.; Guin, J. Direct C(sp2)–H Hydroxylation of Arenes with Palladium(II)/Oxygen 
Using Sulfoximines as a Recyclable Directing Group. Chemcatchem 2018, 10, 2370–2373. 
138. Khusnutdinova, J. R.;  Qu, F.;  Zhang, Y.;  Rath, N. P.; Mirica, L. M. Formation of the 
Palladium(IV) Complex [(Me3tacn)PdIVMe3]+ through Aerobic Oxidation of 
(Me3tacn)PdIIMe2 (Me3tacn = N,N′,N″-Trimethyl-1,4,7-triazacyclononane). 
Organometallics 2012, 31, 4627–4630. 
139. Khusnutdinova, J. R.;  Rath, N. P.; Mirica, L. M. The Aerobic Oxidation of a Pd(II) 
Dimethyl Complex Leads to Selective Ethane Elimination from a Pd(III) Intermediate. J. 
Am. Chem. Soc. 2012, 134, 2414–2422. 
140. Tang, F.;  Zhang, Y.;  Rath, N. P.; Mirica, L. M. Detection of Pd(III) and Pd(IV) 
Intermediates during the Aerobic Oxidative C–C Bond Formation from a Pd(II) Dimethyl 
Complex. Organometallics 2012, 31, 6690–6696. 
141. Sberegaeva, A. V.;  Liu, W. G.;  Nielsen, R. J.;  Goddard, W. A., 3rd; Vedernikov, A. N. 
Mechanistic study of the oxidation of a methyl platinum(II) complex with O2 in water: 
Pt(II)Me-to-Pt(IV)Me and Pt(II)Me-to-Pt(IV)Me2 reactivity. J. Am. Chem. Soc. 2014, 136, 
4761–1768. 
142. Hashimoto, T.;  Hirose, D.; Taniguchi, T. Catalytic Aerobic Oxidation of Arylhydrazides 
with Iron Phthalocyanine. Adv. Synth. Catal. 2015, 357, 3346–3352. 
 
192 
 
143. Brand, J. P.;  González, D. F.;  Nicolai, S.; Waser, J. Benziodoxole-Based Hypervalent 
Iodine Reagents for Atom-Transfer Reactions. Chem. Commun. 2011, 47, 102–115. 
144. Singh, F. V.; Wirth, T. Comprehensive Organic Chemistry. P. Knochel, IInd Ed.; Elsevier 
2014, 880–933. 
145. Charpentier, J.;  Früh, N.; Togni, A. Electrophilic Trifluoromethylation by Use of 
Hypervalent Iodine Reagents. Chem. Rev. 2015, 115, 650–682. 
146. Yusubov, M. S.;  Yoshimura, A.; Zhdankin, V. V. Iodonium ylides in organic synthesis. 
Arkivoc 2016, 342–374. 
147. Yoshimura, A.;  Yusubov, M. S.; Zhdankin, V. V. Synthetic Applications of Pseudocyclic 
Hypervalent Iodine Compounds. Org. Biomol. Chem. 2016, 14, 4771–4781. 
148. Yoshimura, A.; Zhdankin, V. V. Advances in Synthetic Applications of Hypervalent 
Iodine Compounds. Chem. Rev. 2016, 116, 3328–3435. 
149. Sousa e Silva, F. C.;  Tierno, A. F.; Wengryniuk, S. E. Hypervalent Iodine Reagents in 
High Valent Transition Metal Chemistry. Molecules 2017, 22, 780. 
150. Wang, X.; Studer, A. Iodine(III) Reagents in Radical Chemistry. Acc. Chem. Res. 2017, 
50, 1712–1724. 
151. Magnus, P.;  Lacour, J.;  Evans, P. A.;  Roe, M. B.; Hulme, C. Hypervalent Iodine 
Chemistry:  New Oxidation Reactions Using the Iodosylbenzene−Trimethylsilyl Azide 
Reagent Combination. Direct α- and β-Azido Functionalization of Triisopropylsilyl Enol 
Ethers. J. Am. Chem. Soc. 1996, 118, 3406–3418. 
 
193 
 
152. Liu, X.;  Wang, Z.;  Cheng, X.; Li, C. Silver-Catalyzed Decarboxylative Alkynylation of 
Aliphatic Carboxylic Acids in Aqueous Solution. J. Am. Chem. Soc. 2012, 134, 14330–
14333. 
153. Kita, Y.;  Tohma, H.;  Hatanaka, K.;  Takada, T.;  Fujita, S.;  Mitoh, S.;  Sakurai, H.; Oka, 
S. Hypervalent Iodine-Induced Nucleophilic Substitution of para-Substituted Phenol 
Ethers. Generation of Cation Radicals as Reactive Intermediates. J. Am. Chem. Soc. 1994, 
116, 3684–3691. 
154. Kantak, A. A.;  Potavathri, S.;  Barham, R. A.;  Romano, K. M.; DeBoef, B. Metal-Free 
Intermolecular Oxidative C–N Bond Formation via Tandem C–H and N–H Bond 
Functionalization. J. Am. Chem. Soc. 2011, 133, 19960–19965. 
155. Dohi, T.;  Ito, M.;  Morimoto, K.;  Iwata, M.; Kita, Y. Oxidative Cross-Coupling of Arenes 
Induced by Single-Electron Transfer Leading to Biaryls by Use of Organoiodine(III) 
Oxidants. Angew. Chem. Int. Ed. 2008, 47, 1301–1304. 
156. Dohi, T.;  Ito, M.;  Yamaoka, N.;  Morimoto, K.;  Fujioka, H.; Kita, Y. Unusual ipso 
Substitution of Diaryliodonium Bromides Initiated by a Single-Electron-Transfer 
Oxidizing Process. Angew. Chem. Int. Ed. 2010, 49, 3334–3337. 
157. Le Vaillant, F.;  Courant, T.; Waser, J. Room-Temperature Decarboxylative Alkynylation 
of Carboxylic Acids Using Photoredox Catalysis and EBX Reagents. Angew. Chem. Int. 
Ed. 2015, 54, 11200–11204. 
158. Huang, H.;  Zhang, G.;  Gong, L.;  Zhang, S.; Chen, Y. Visible-Light-Induced 
Chemoselective Deboronative Alkynylation under Biomolecule-Compatible Conditions. 
J. Am. Chem. Soc. 2014, 136, 2280–2283. 
 
194 
 
159. Zhou, Q.-Q.;  Guo, W.;  Ding, W.;  Wu, X.;  Chen, X.;  Lu, L.-Q.; Xiao, W.-J. 
Decarboxylative Alkynylation and Carbonylative Alkynylation of Carboxylic Acids 
Enabled by Visible-Light Photoredox Catalysis. Angew. Chem. Int. Ed. 2015, 54, 11196–
11199. 
160. Tobisu, M.;  Furukawa, T.; Chatani, N. Visible Light-Mediated Direct Arylation of Arenes 
and Heteroarenes Using Diaryliodonium Salts in the Presence and Absence of a 
Photocatalyst. Chem. Lett. 2013, 42, 1203–1205. 
161. Dohi, T.; Kita, Y. Hypervalent Iodine Reagents as a New Entrance to Organocatalysts. 
Chem. Commun. 2009, 2073–2085. 
162. Iinuma, M.;  Moriyama, K.; Togo, H. Simple and Practical Method for Preparation of 
[(Diacetoxy)iodo]arenes with Iodoarenes and m-Chloroperoxybenzoic Acid. Synlett 2012, 
23, 2663–2666. 
163. Zhu, C.;  Liang, Y.;  Hong, X.;  Sun, H.;  Sun, W.-Y.;  Houk, K. N.; Shi, Z. Iodoarene-
Catalyzed Stereospecific Intramolecular sp3 C–H Amination: Reaction Development and 
Mechanistic Insights. J. Am. Chem. Soc. 2015, 137, 7564–7567. 
164. Yagyu, T.;  Takemoto, Y.;  Yoshimura, A.;  Zhdankin, V. V.; Saito, A. Iodine(III)-
Catalyzed Formal [2+2+1] Cycloaddition Reaction for Metal-Free Construction of 
Oxazoles. Org. Lett. 2017, 19, 2506–2509. 
165. Qin, Y.;  Zhu, L.; Luo, S. Organocatalysis in Inert C–H Bond Functionalization. Chem. 
Rev. 2017, 117, 9433–9520. 
 
195 
 
166. Yablonskii, O. P.;  Vinogradov, M. G.;  Kereselidze, R. V.; Nikishin, G. I. Mechanism of 
the Oxidation of Aldehydes by Oxygen. Bull. Acad. Sci. USSR, Div. Chem. Sci. 1969, 18, 
272–275. 
167. Sankar, M.;  Nowicka, E.;  Carter, E.;  Murphy, D. M.;  Knight, D. W.;  Bethell, D.; 
Hutchings, G. J. The Benzaldehyde Oxidation Paradox Explained by the Interception of 
Peroxy Radical by Benzyl Alcohol. Nat. Commun. 2014, 5, 3332. 
168. Jenkins, C. A. M., D. M.;  Rowlands. C. C.; Egerton, T. A. EPR Study of Spin-Trapped 
Free Radical Intermediates Formed in the Heterogeneously-Assisted Photodecomposition 
of Acetaldehyde  J. Chem. Soc., Perkin Trans. 2 1997, 2479–2486. 
169. Consistent with differences in solvent polarity (acetic acid versus dichloromethane) the 
measured coupling constants are slightly higher than those reported. Owenius, R.;  
Engström, M.;  Lindgren, M.; Huber, M. Influence of Solvent Polarity and Hydrogen 
Bonding on the EPR Parameters of a Nitroxide Spin Label Studied by 9-GHz and 95-GHz 
EPR Spectroscopy and DFT Calculations. J. Phys. Chem. A 2001, 105, 10967–10977. 
170. Alberti, A.;  Carloni, P.;  Eberson, L.;  Greci, L.; Stipa, P. New Insights into N-tert-Butyl-
α-phenylnitrone (PBN) as a Spin Trap. Part 2.1 The Reactivity of PBN and 5,5-Dimethyl-
4,5-dihydropyrrole N-oxide (DMPO) toward N-Heteroaromatic Bases. J. Chem. Soc., 
Perkin Trans. 2 1997, 887–892. 
171. Hilborn, J. W.; Pincock, J. A. Rates of Decarboxylation of Acyloxy Radicals Formed in 
the Photocleavage of Substituted 1-Naphthylmethyl Alkanoates. J. Am. Chem. Soc. 1991, 
113, 2683–2686. 
 
196 
 
172. Decarbonylation rate log(k(tBuCO•)/k(CH3CO•)) ~ 4.7. Vollenweider, J.-K.; Paul, H. On 
the Rates of Decarbonylation of Hydroxyacetyl and Other Acyl Radicals. Int. J. Chem. 
Kinet. 1986, 18 (7), 791–800. 
173. Çatir, M.;  Kilic, H.;  Nardello-Rataj, V.;  Aubry, J.-M.; Kazaz, C. Singlet Oxygen 
Generation from [Bis(trifluoroacetoxy)iodo]benzene and Hydrogen Peroxide. J. Org. 
Chem. 2009, 74, 4560–4564. 
174. Çatir, M. Singlet Oxygen Generation from Poly[4-diacetoxyiodo]styrene and Hydrogen 
Peroxide. Turk. J. Chem. 2017, 41, 467–475. 
175. Slagle, J.; Shine, H. Notes. Improved Yields in the Preparation of Diacetyl Peroxide. J. 
Org. Chem. 1959, 24, 107. 
176. Bawn, C. E. H.; Jolley, J. E. The Cobalt-Salt-Catalyzed Autoxidation of Benzaldehyde. 
Proc. R. Soc., Lond., Ser. A 1956, 237, 297–312. 
177. Jain, S. L.; Sain, B. An Unconventional Cobalt-Catalyzed Aerobic Oxidation of Tertiary 
Nitrogen Compounds to N-Oxides. Angew. Chem. Int. Ed. 2003, 42, 1265–1267. 
178. Hendriks, C. F.;  van Beek, H. C. A.; Heertjes, P. M. The Structure of Cobalt(II) Acetate 
and Cobalt(III) Acetate in Acetic Acid Solution. Ind. Eng. Chem. Prod. Res. Dev. 1979, 
18, 43–46. 
179. Hendriks, C. F.;  van Beek, H. C. A.; Heertjes, P. M. Reactions of Some Peracids and 
Hydroperoxides with Cobalt(II) and Cobalt(III) Acetate in Acetic Acid Solution. Ind. Eng. 
Chem. Prod. Res. Dev. 1979, 18, 38–43. 
180. Maity, A.;  Hyun, S.-M.; Powers, D. C. Oxidase Catalysis via Aerobically Generated 
Hypervalent Iodine Intermediates. Nat. Chem. 2017, 10, 200–204. 
 
197 
 
181. The induction period observed for oxidation of substituted aryl iodides is observed to vary, 
but when they are oxidized in a pairwise fashion, both begin displaying oxidation products 
at the same time. 
182. In general, the best-fit lines of acquired substituent-dependent rates displayed small Y-
intercepts. The Hammett plot of peracid oxidation rates fitted against  + parameters 
displayed a Y-intercept of ~–0.2; the data reported here is for a best-fit line that was forced 
through the origin. 4-Methoxyiodobenzene is not included on the peracid plot because the 
reaction product was not the substituted diacetoxyiodobenzene observed for other 
substrates; the reaction product was not identified. 
183. Hansch, C.;  Leo, A.; Taft, R. W. A Survey of Hammett Substituent Constants and 
Resonance and Field Parameters. Chem. Rev. 1991, 91, 165–195. 
184. Howard, J. A.;  Ingold, K. U.; Symonds, M. Absolute Rate Constants for Hydrocarbon 
Oxidation. VIII. The Reactions of Cumylperoxy Radicals. Can. J. Chem. 1968, 46, 1017–
1022. 
185. Murahashi, S.;  Oda, Y.; Naota, T. Iron- and Ruthenium-Catalyzed Oxidations of Alkanes 
with Molecular Oxygen in the Presence of Aldehydes and Acids. J. Am. Chem. Soc. 1992, 
114, 7913–7914. 
186. Dell'Anna, M. M.;  Mastrorilli, P.; Nobile, C. F. Oxyfunctionalization of Hydrocarbons 
by In Situ Formed Peracid or by Metal Assisted Aerobic Oxidation. J. Mol. Catal. A: 
Chemical 1998, 130, 65–71. 
 
198 
 
187. Muchalski, H.;  Levonyak, A. J.;  Xu, L.;  Ingold, K. U.; Porter, N. A. Competition H(D) 
Kinetic Isotope Effects in the Autoxidation of Hydrocarbons. J. Am. Chem. Soc. 2015, 
137, 94–97. 
188. Along with 1-adamantanol, 2-adamantanone is observed in 5.3% yield. 
189. Ivanov, A. S.;  Popov, I. A.;  Boldyrev, A. I.; Zhdankin, V. V. The I=X (X=O,N,C) Double 
Bond in Hypervalent Iodine Compounds: Is it Real? Angew. Chem. Int. Ed. 2014, 53, 
9617–9621. 
190. Richter, H. W.;  Cherry, B. R.;  Zook, T. D.; Koser, G. F. Characterization of Species 
Present in Aqueous Solutions of [Hydroxy(mesyloxy)iodo]benzene and 
[Hydroxy(tosyloxy)iodo]benzene. J. Am. Chem. Soc. 1997, 119, 9614–9623. 
191. For simplicity, we have largely limited the presented pathways to those involving 
peracetic acid; related calculations using peroxide E and diacetyl peroxide H are presented 
in the Supporting Information. 
192. Ramirez, F.; McKelvie, N. The Reaction of Trivalent Organophosphorus Compounds with 
Polyhalomethanes. J. Am. Chem. Soc. 1957, 79, 5829–5830. 
193. Walling, C.;  Basedow, O. H.; Savas, E. S. Some Extensions of the Reaction of Trivalent 
Phosphorus Derivatives with Alkoxy and Thiyl Radicals; a New Synthesis of Thioesters. 
J. Am. Chem. Soc. 1960, 82, 2181–2184. 
194. Walling, C.; Rabinowitz, R. The Reaction of Trialkyl Phosphites with Thiyl and Alkoxy 
Radicals. J. Am. Chem. Soc. 1959, 81, 1243–1249. 
195. Buckler, S. A. Autoxidation of Trialkylphosphines. J. Am. Chem. Soc. 1962, 84, 3093–
3097. 
 
199 
 
196. Bentrude, W. G. Autoxidation of Tertiary Phosphites. Tetrahedron Lett. 1965, 6, 3543–
3548. 
197. Furimsky, E.; Howard, J. A. Absolute Rate Constants for the Reaction of tert-Butylperoxy 
Radicals with Trivalent Phosphorus Compounds. J. Am. Chem. Soc. 1973, 95, 369–374. 
198. Hwang, W.-S.; Yoke, J. T. Autoxidation of Ethyl Phosphinite, Phosphonite, and Phosphite 
Esters. J. Org. Chem. 1980, 45, 2088–2091. 
199. Potential one-electron oxidation of PhI with peracetic acid to generate a hydroxyiodinane 
and acetoxy radical G was computed to be uphill by 25.0 kcal/mol. Combined with the 
lack of detectable signals upon addition of PBN to the oxidation of PhI with peracetic acid, 
we have only considered pathways initiated by open-shell oxidants. 
200. Alcock, N. W.;  Countryman, R. M.;  Esperås, S.; Sawyer, J. F. Secondary Bonding. Part 
5. The Crystal and Molecular Structures of Phenyliodine(III) Diacetate and 
Bis(dichloroacetate). J. Chem. Soc., Dalton Trans. 1979, 0, 854–860. 
201. Li, G.-X.;  Morales-Rivera, C. A.;  Gao, F.;  Wang, Y.;  He, G.;  Liu, P.; Chen, G. A 
Unified Photoredox-Catalysis Strategy for C(sp3)–H Hydroxylation and Amidation Using 
Hypervalent Iodine. Chem. Sci. 2017, 8, 7180–7185. 
202. Li, G.-X.;  Morales-Rivera, C. A.;  Wang, Y.;  Gao, F.;  He, G.;  Liu, P.; Chen, G. 
Photoredox-Mediated Minisci C–H Alkylation of N-Heteroarenes Using Boronic Acids 
and Hypervalent Iodine. Chem. Sci. 2016, 7, 6407–6412. 
203. We have not been able to establish the chain length of autoxidation. Attempts to evaluate 
chain length by examining yield as a function of initiator loading are complicated by un-
initiated background reaction. 
 
200 
 
204. Boisvert, L.;  Denney, M. C.;  Hanson, S. K.; Goldberg, K. I. Insertion of Molecular 
Oxygen into a Palladium(II) Methyl Bond: A Radical Chain Mechanism Involving 
Palladium(III) Intermediates. J. Am. Chem. Soc. 2009, 131, 15802–15814. 
205. Zhong, W.;  Yang, J.;  Meng, X.; Li, Z. BF3·OEt2-Promoted Diastereoselective 
Diacetoxylation of Alkenes by PhI(OAc)2. J. Org. Chem. 2011, 76, 9997–10004. 
206. Lucchetti, N.;  Scalone, M.;  Fantasia, S.; Muñiz, K. An Improved Catalyst for 
Iodine(I/III)-Catalysed Intermolecular C–H Amination. Adv. Synth. Catal. 2016, 358, 
2093–2099. 
207. Collins, K. D.; Glorius, F. A Robustness Screen for the Rapid Assessment of Chemical 
Reactions. Nat. Chem. 2013, 5, 597–601. 
208. Armarego, W. L. F.; Chai, C. L. L. Chapter 4 - Purification of Organic Chemicals. In 
Purification of Laboratory Chemicals (Fifth Edition), Armarego, W. L. F.; Chai, C. L. L. 
Eds. Butterworth-Heinemann: Burlington, 2003; pp 80–388. 
209. NMR Solvents Data Chart and Storage and Handling Information. 
http://www.isotope.com/applications/subapplication.cfm?sid=Deuterated%20NMR%20
Solvents_18. 
210. Fulmer, G. R.;  Miller, A. J. M.;  Sherden, N. H.;  Gottlieb, H. E.;  Nudelman, A.;  Stoltz, 
B. M.;  Bercaw, J. E.; Goldberg, K. I. NMR Chemical Shifts of Trace Impurities: Common 
Laboratory Solvents, Organics, and Gases in Deuterated Solvents Relevant to the 
Organometallic Chemist. Organometallics 2010, 29, 2176–2179. 
211. Reich, H. J. Hans Reich's Collection. NMR Spectroscopy. 
https://www.chem.wisc.edu/areas/reich/nmr/11-fdata.htm. 
 
201 
 
212. Stoll, S.; Schweiger, A. EasySpin, a Comprehensive Software Package for Spectral 
Simulation and Analysis in EPR. J. Magn. Reson. 2006, 178, 42–55. 
213. Lee, C.;  Yang, W.; Parr, R. G. Development of the Colle-Salvetti Correlation-Energy 
Formula into a Functional of the Electron Density. Phys. Rev. B 1988, 37, 785–789. 
214. Becke, A. D. Density-Functional Thermochemistry. III. The Role of Exact Exchange. J. 
Chem. Phys. 1993, 98, 5648–5652. 
215. Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn. Phys. Chem. Chem. Phys. 
2006, 8, 1057–1065. 
216. Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence, Triple Zeta Valence and 
Quadruple Zeta Valence Quality for H to Rn: Design and Assessment of Accuracy. Phys. 
Chem. Chem. Phys. 2005, 7, 3297–3305. 
217. Marenich, A. V.;  Cramer, C. J.; Truhlar, D. G. Universal Solvation Model Based on 
Solute Electron Density and on a Continuum Model of the Solvent Defined by the Bulk 
Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378–
6396. 
218. Frisch, M. J. T. G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; 
Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, 
A.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.; 
Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, F.; 
Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, 
J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 
 
202 
 
Throssell, K.; Montgomery, J. A.; Peralta, Jr. J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; 
Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Keith, T.; Kobayashi, R.; Normand, J.; 
Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, 
J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; 
Farkas, O.; Foresman, J. B.; Fox,D. J. Gaussian 09, Revision D.01, Gaussian, Inc. 
Wallingford CT, 2009. 
219. Frisch, M. J. T. G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; 
Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, 
A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J. 
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, 
F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; 
Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 
Throssell, K.; Montgomery, J. A. Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. 
J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, 
J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; 
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; 
Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16, Revision B.01, 
Gaussian, Inc. Wallingford CT, 2016. 
220. Grimme, S.;  Antony, J.;  Ehrlich, S.; Krieg, H. A Consistent and Accurate ab initio 
Parametrization of Density Functional Dispersion Correction (DFT-D) for the 94 
Elements H-Pu. J. Chem. Phys. 2010, 132, 154104. 
 
203 
 
221. Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals for Main Group 
Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, 
and Transition Elements: Two New Functionals and Systematic Testing of Four M06-
Class Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120, 215–241. 
222. Riplinger, C.;  Sandhoefer, B.;  Hansen, A.; Neese, F. Natural Triple Excitations in Local 
Coupled Cluster Calculations with Pair Natural Orbitals. J. Chem. Phys. 2013, 139, 
134101. 
223. Neese, F. The ORCA program system. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 
73–78. 
224. Liakos, D. G.;  Sparta, M.;  Kesharwani, M. K.;  Martin, J. M. L.; Neese, F. Exploring the 
Accuracy Limits of Local Pair Natural Orbital Coupled-Cluster Theory. J. Chem. Theory 
Comput. 2015, 11, 1525–1539. 
225. Paulechka, E.; Kazakov, A. Efficient DLPNO–CCSD(T)-Based Estimation of Formation 
Enthalpies for C-, H-, O-, and N-Containing Closed-Shell Compounds Validated Against 
Critically Evaluated Experimental Data. J. Phys. Chem. A 2017, 121, 4379–4387. 
226. Ling, L.;  Liu, K.;  Li, X.; Li, Y. General Reaction Mode of Hypervalent Iodine 
Trifluoromethylation Reagent: A Density Functional Theory Study. ACS Catal. 2015, 5, 
2458–2468. 
227. Reitti, M.;  Villo, P.; Olofsson, B. One-Pot C−H Functionalization of Arenes by 
Diaryliodonium Salts. Angew. Chem. Int. Ed. 2016, 55, 8928–8932. 
 
204 
 
228. Stridfeldt, E.;  Lindstedt, E.;  Reitti, M.;  Blid, J.;  Norrby, P.-O.; Olofsson, B. Competing 
Pathways in O-Arylations with Diaryliodonium Salts: Mechanistic Insights. Chem. Eur. J. 
2017, 23, 13249–13258. 
229. Settle, A. E.;  Berstis, L.;  Zhang, S.;  Rorrer, N. A.;  Hu, H.;  Richards, R. M.;  Beckham, 
G. T.;  Crowley, M. F.; Vardon, D. R. Iodine-Catalyzed Isomerization of Dimethyl 
Muconate. ChemSusChem 2018, 11, 1768–1780. 
230. Legault, C. Y. CYLview, 1.0b; Université de Sherbrooke: Sherbrooke, Canada, 2009; 
http://www.cylview.org. 
231. Anderson, T. L.; Kwan, E. E. PyQuiver 2016, www.github.com/ekwan/PyQuiver. 
232. Sharefkin, J. G.; Saltzman, H. Iodosobenzene Diacetate. Org. Synth. 1963, 43, 62. 
233. Slagle, J. R.; Shine, H. J. Improved Yields in the Preparation of Diacetyl Peroxide. J. Org. 
Chem. 1959, 24, 107. 
234. Hendriks, C. F.;  van Beek, H. C. A.; Heertjes, P. M. The Structure of Cobalt(II) Acetate 
and Cobalt(III) Acetate in Acetic Acid Solution. Ind. Eng. Chem. Prod. Res. Dev. 1979, 
18 (1), 43–46. 
235. Dess, D. B.; Martin, J. C. Readily Accessible 12-I-5 Oxidant for the Conversion of 
Primary and Secondary Alcohols to Aldehydes and Ketones. J. Org. Chem. 1983, 48, 
4155–4156. 
236. Dess, D. B.; Martin, J. C. A Useful 12-I-5 Triacetoxyperiodinane (the Dess-Martin 
Periodinane) for the Selective Oxidation of Primary or Secondary Alcohols and a Variety 
of Related 12-I-5 Species. J. Am. Chem. Soc. 1991, 113, 7277–7287. 
 
205 
 
237. Hartmann, C.; Meyer, V. Ueber Jodobenzoësäure. Ber. Dtsch. Chem. Ges. 1893, 26, 
1727–1732. 
238. Frigerio, M.; Santagostino, M. A Mild Oxidizing Reagent for Alcohols and 1,2-Diols: o-
iodoxybenzoic acid (IBX) in DMSO. Tetrahedron Lett. 1994, 35, 8019–8022. 
239. Frigerio, M.;  Santagostino, M.;  Sputore, S.; Palmisano, G. Oxidation of Alcohols with 
o-Iodoxybenzoic Acid in DMSO: A New Insight into an Old Hypervalent Iodine Reagent. 
J. Org. Chem. 1995, 60, 7272–7276. 
240. De Munari, S.;  Frigerio, M.; Santagostino, M. Hypervalent Iodine Oxidants:  Structure 
and Kinetics of the Reactive Intermediates in the Oxidation of Alcohols and 1,2-Diols by 
o-Iodoxybenzoic Acid (IBX) and Dess−Martin Periodinane. A Comparative 1H-NMR 
Study. J. Org. Chem. 1996, 61, 9272–9279. 
241. Corey, E. J.; Palani, A. A Mechanistic Model for the Selective Oxidation of 1,4-Diols to 
γ-Lactols by o-Iodoxybenzoic Acid. Tetrahedron Lett. 1995, 36, 7945–7948. 
242. Corey, E. J.; Palani, A. A Method for the Selective Oxidation of 1,4-Diols to Lactols. 
Tetrahedron Lett. 1995, 36, 3485–3488. 
243. de Graaff, C.;  Bensch, L.;  van Lint, M. J.;  Ruijter, E.; Orru, R. V. A. IBX-Mediated 
Oxidation of Unactivated Cyclic Amines: Application in Highly Diastereoselective 
Oxidative Ugi-type and Aza-Friedel–Crafts Reactions. Org. Biomol. Chem. 2015, 13, 
10108–10112. 
244. Nicolaou, K. C.;  Mathison, C. J. N.; Montagnon, T. o-Iodoxybenzoic Acid (IBX) as a 
Viable Reagent in the Manipulation of Nitrogen- and Sulfur-Containing Substrates:  Scope, 
 
206 
 
Generality, and Mechanism of IBX-Mediated Amine Oxidations and Dithiane 
Deprotections. J. Am. Chem. Soc. 2004, 126, 5192–5201. 
245. Nicolaou, K. C.;  Zhong, Y. L.; Baran, P. S. A New Method for the One-Step Synthesis 
of α,β-Unsaturated Carbonyl Systems from Saturated Alcohols and Carbonyl Compounds. 
J. Am. Chem. Soc. 2000, 122, 7596–7597. 
246. Nicolaou, K. C.;  Montagnon, T.; Baran, P. S. Modulation of the Reactivity Profile of IBX 
by Ligand Complexation: Ambient Temperature Dehydrogenation of Aldehydes and 
Ketones to α,β-Unsaturated Carbonyl Compounds. Angew. Chem. Int. Ed. 2002, 41, 993–
996. 
247. Nicolaou, K. C.;  Montagnon, T.;  Baran, P. S.; Zhong, Y. L. Iodine(V) Reagents in 
Organic Synthesis. Part 4. o-Iodoxybenzoic Acid as a Chemospecific Tool for Single 
Electron Transfer-Based Oxidation Processes. J. Am. Chem. Soc. 2002, 124, 2245–2258. 
248. Nicolaou, K. C.;  Baran, P. S.; Zhong, Y.-L. Selective Oxidation at Carbon Adjacent to 
Aromatic Systems with IBX. J. Am. Chem. Soc. 2001, 123, 3183–3185. 
249. Wirth, T. Oxidations and Rearrangements. In Hypervalent Iodine Chemistry: Modern 
Developments in Organic Synthesis, Wirth, T. Ed. Springer Berlin Heidelberg: Berlin, 
Heidelberg, 2003; pp 185–208. 
250. Soldatova, N.;  Postnikov, P.;  Troyan, A. A.;  Yoshimura, A.;  Yusubov, M. S.; Zhdankin, 
V. V. Mild and Efficient Synthesis of Iodylarenes Using Oxone as Oxidant. Tetrahedron 
Lett. 2016, 57, 4254–4256. 
 
207 
 
251. Koposov, A. Y.;  Karimov, R. R.;  Pronin, A. A.;  Skrupskaya, T.;  Yusubov, M. S.; 
Zhdankin, V. V. RuCl3-Catalyzed Oxidation of Iodoarenes with Peracetic Acid:  New 
Facile Preparation of Iodylarenes. J. Org. Chem. 2006, 71, 9912–9914. 
252. Lucas, H. J.; Kennedy, E. R. Iodoxybenzene. Org. Synth. 1942, 22, 72–73. 
253. Chandra, A.;  Parida, K. N.; Moorthy, J. N. One-Pot Synthesis of α-Bromo- and α-
Azidoketones from Olefins by Catalytic Oxidation with in situ-Generated Modified IBX 
as the Key Reaction. Tetrahedron 2017, 73, 5827–5832. 
254. Mishra, A. K.; Moorthy, J. N. Mechanochemical Catalytic Oxidations in the Solid State 
with in situ-Generated Modified IBX from 3,5-di-tert-Butyl-2-iodobenzoic Acid (DTB-
IA)/Oxone. Org. Chem. Front. 2017, 4, 343–349. 
255. Bikshapathi, R.;  Prathima, P. S.; Rao, V. J. Hypervalent Iodine Catalysis for Selective 
Oxidation of Baylis–Hillman Adducts via In Situ Generation of o-Iodoxybenzoic Acid 
(IBX) from 2-Iodosobenzoic Acid (IBA) in the Presence of Oxone. New J. Chem. 2016, 
40, 10300–10304. 
256. Yakura, T.;  Horiuchi, Y.;  Nishimura, Y.;  Yamada, A.;  Nambu, H.; Fujiwara, T. Efficient 
Oxidative Cleavage of Tetrahydrofuran-2-methanols to γ-Lactones by a 2-Iodobenzamide 
Catalyst in Combination with Oxone®. Adv. Synth. Catal. 2016, 358, 869–873. 
257. Moorthy, J. N.; Parida, K. N. Oxidative Cleavage of Olefins by In Situ-Generated 
Catalytic 3,4,5,6-Tetramethyl-2-iodoxybenzoic Acid/Oxone. J. Org. Chem. 2014, 79, 
11431–11439. 
 
208 
 
258. Seth, S.;  Jhulki, S.; Moorthy, J. N. Catalytic and Chemoselective Oxidation of Activated 
Alcohols and Direct Conversion of Diols to Lactones with In Situ-Generated Bis-IBX 
Catalyst. Eur. J. Org. Chem. 2013, 2013, 2445–2452. 
259. Thottumkara, A. P.;  Bowsher, M. S.; Vinod, T. K. In Situ Generation of o-Iodoxybenzoic 
Acid (IBX) and the Catalytic Use of It in Oxidation Reactions in the Presence of Oxone 
as a Co-oxidant. Org. Lett. 2005, 7, 2933–2936. 
260. Hay, P. J.; Wadt, W. R. Ab initio effective core potentials for molecular calculations. 
Potentials for the transition metal atoms Sc to Hg. J. Chem. Phys. 1985, 82, 270–283. 
261. Wadt, W. R.; Hay, P. J. Ab initio effective core potentials for molecular calculations. 
Potentials for main group elements Na to Bi. J. Chem. Phys. 1985, 82, 284–298. 
262. Hay, P. J.; Wadt, W. R. Ab initio effective core potentials for molecular calculations. 
Potentials for K to Au including the outermost core orbitals. J. Chem. Phys. 1985, 82, 
299–310. 
263. Frisch, M. J.;  Pople, J. A.; Binkley, J. S. Self-consistent molecular orbital methods 25. 
Supplementary functions for Gaussian basis sets. J. Chem. Phys. 1984, 80, 3265–3269. 
264. Ditchfield, R.;  Hehre, W. J.; Pople, J. A. Self-Consistent Molecular-Orbital Methods. IX. 
An Extended Gaussian-Type Basis for Molecular-Orbital Studies of Organic Molecules. 
J. Chem. Phys. 1971, 54, 724–728. 
265. Silva, L. F.;  Vasconcelos, R. S.; Lopes, N. P. Application of high-resolution electrospray 
mass spectrometry for the elucidation of the disproportionation reaction of iodobenzene 
diacetate. Int. J. Mass Spectrom. 2008, 276, 24–30. 
 
209 
 
266. Macikenas, D.;  Skrzypczak-Jankun, E.; Protasiewicz, J. D. A New Class of Iodonium 
Ylides Engineered as Soluble Primary Oxo and Nitrene Sources. J. Am. Chem. Soc. 1999, 
121, 7164–7165. 
267. Macikenas, D.;  Skrzypczak-Jankun, E.; Protasiewicz, J. D. A New Class of Iodonium 
Ylides Engineered as Soluble Primary Oxo and Nitrene Sources. J. Am. Chem. Soc. 2011, 
133, 4151–4151. 
268. Domae, M.;  Katsumara, Y.;  Jiang, P. Y.;  Nagaishi, R.;  Hasegawa, C.;  Ishigure, K.; 
Yoshida, Y. Observation of Chlorine Oxide (ClO3) Radical in Aqueous Chlorate Solution 
by Pulse Radiolysis. J. Phys. Chem. 1994, 98, 190–192. 
269. Guo, M.;  Dong, H.;  Li, J.;  Cheng, B.;  Huang, Y.-q.;  Feng, Y.-q.; Lei, A. Spectroscopic 
Observation of Iodosylarene Metalloporphyrin Adducts and Manganese(V)-Oxo 
Porphyrin Species in a Cytochrome P450 Analogue. Nat. Commun. 2012, 3, 1190. 
270. Song, F.;  Wang, C.;  Falkowski, J. M.;  Ma, L.; Lin, W. Isoreticular Chiral Metal−Organic 
Frameworks for Asymmetric Alkene Epoxidation: Tuning Catalytic Activity by 
Controlling Framework Catenation and Varying Open Channel Sizes. J. Am. Chem. Soc. 
2010, 132, 15390–15398. 
271. Macikenas, D.;  Skrzypczak-Jankun, E.; Protasiewicz, J. D. Redirecting Secondary Bonds 
To Control Molecular and Crystal Properties of an Iodosyl- and an Iodylbenzene. Angew. 
Chem. Int. Ed. 2000, 39, 2007–2010. 
272. Rassolov, V. A.;  Ratner, M. A.;  Pople, J. A.;  Redfern, P. C.; Curtiss, L. A. 6-31G* Basis 
Set for Third-Row Atoms. J. Comput. Chem. 2001, 22, 976–984. 
 
210 
 
273. Zhao, Y.; Truhlar, D. G. Density Functionals with Broad Applicability in Chemistry. Acc. 
Chem. Res. 2008, 41, 157–167. 
274. Zhao, Y.; Truhlar, D. G. A New Local Density Functional for Main-Group 
Thermochemistry, Transition Metal Bonding, Thermochemical Kinetics, and 
Noncovalent Interactions. J. Phys. Chem. 2006, 125, 194101. 
275. Burgess, B. K.; Lowe, D. J. Mechanism of Molybdenum Nitrogenase. Chem. Rev. 1996, 
96, 2983–3012. 
276. Howard, J. B.; Rees, D. C. Structural Basis of Biological Nitrogen Fixation. Chem. Rev. 
1996, 96, 2965–2982. 
277. McEvoy, J. P.; Brudvig, G. W. Water-Splitting Chemistry of Photosystem II. Chem. Rev. 
2006, 106, 4455–4483. 
278. Fontecilla-Camps, J. C.;  Volbeda, A.;  Cavazza, C.; Nicolet, Y. Structure/Function 
Relationships of [NiFe]- and [FeFe]-Hydrogenases. Chem. Rev. 2007, 107, 4273–4303. 
279. Dobbek, H.;  Svetlitchnyi, V.;  Gremer, L.;  Huber, R.; Meyer, O. Crystal Structure of a 
Carbon Monoxide Dehydrogenase Reveals a [Ni-4Fe-5S] Cluster. Science 2001, 293, 
1281–1285. 
280. Parkin, A.;  Seravalli, J.;  Vincent, K. A.;  Ragsdale, S. W.; Armstrong, F. A. Rapid and 
Efficient Electrocatalytic CO2/CO Interconversions by Carboxydothermus 
hydrogenoformans CO Dehydrogenase I on an Electrode. J. Am. Chem. Soc. 2007, 129, 
10328–10329. 
281. Holm, R. H.;  Kennepohl, P.; Solomon, E. I. Structural and Functional Aspects of Metal 
Sites in Biology. Chem. Rev. 1996, 96, 2239–2314. 
 
211 
 
282. Dahl, S.;  Logadottir, A.;  Egeberg, R. C.;  Larsen, J. H.;  Chorkendorff, I.;  Törnqvist, E.; 
Nørskov, J. K. Role of Steps in N2 Activation on Ru(0001). Phys. Rev. Lett. 1999, 83, 
1814–1817. 
283. Zambelli, T.;  Wintterlin, J.;  Trost, J.; Ertl, G. Identification of the "Active Sites" of a 
Surface-Catalyzed Reaction. Science 1996, 273, 1688–1690. 
284. Kratzer, P.;  Pehlke, E.;  Scheffler, M.;  Raschke, M. B.; Höfer, U. Highly Site-Specific 
H2 Adsorption on Vicinal Si(001) Surfaces. Phys. Rev. Lett. 1998, 81, 5596–5599. 
285. Jaramillo, T. F.;  Jørgensen, K. P.;  Bonde, J.;  Nielsen, J. H.;  Horch, S.; Chorkendorff, I. 
Identification of Active Edge Sites for Electrochemical H2 Evolution from MoS2 
Nanocatalysts. Science 2007, 317, 100–102. 
286. Parija, A.;  Choi, Y.-H.;  Liu, Z.;  Andrews, J. L.;  De Jesus, L. R.;  Fakra, S. C.;  Al-
Hashimi, M.;  Batteas, J. D.;  Prendergast, D.; Banerjee, S. Mapping Catalytically Relevant 
Edge Electronic States of MoS2. ACS Cent. Sci. 2018, 4, 493–503. 
287. Song, F.;  Moré, R.;  Schilling, M.;  Smolentsev, G.;  Azzaroli, N.;  Fox, T.;  Luber, S.; 
Patzke, G. R. {Co4O4} and {CoxNi4–xO4} Cubane Water Oxidation Catalysts as Surface 
Cut-Outs of Cobalt Oxides. J. Am. Chem. Soc. 2017, 139, 14198–14208. 
288. Artero, V.;  Berggren, G.;  Atta, M.;  Caserta, G.;  Roy, S.;  Pecqueur, L.; Fontecave, M. 
From Enzyme Maturation to Synthetic Chemistry: The Case of Hydrogenases. Acc. Chem. 
Res. 2015, 48, 2380–2387. 
289. Cao, R.;  Elrod, L. T.;  Lehane, R. L.;  Kim, E.; Karlin, K. D. A Peroxynitrite Dicopper 
Complex: Formation via Cu–NO and Cu–O2 Intermediates and Reactivity via O–O 
Cleavage Chemistry. J. Am. Chem. Soc. 2016, 138, 16148–16158. 
 
212 
 
290. Stauber, J. M.;  Müller, P.;  Dai, Y.;  Wu, G.;  Nocera, D. G.; Cummins, C. C. Multi-
Electron Reactivity of a Cofacial Di-Tin(ii) Cryptand: Partial Reduction of Sulfur and 
Selenium and Reversible Generation of S3·–. Chem. Sci. 2016, 7, 6928–6933. 
291. Kornecki, K. P.;  Berry, J. F.;  Powers, D. C.; Ritter, T. Progress in Inorganic Chemistry. 
John Wiley & Sons, Incorporated: New York, UNITED STATES, 2014. 
292. Zhao, Q.; Betley, T. A. Synthesis and Redox Properties of Triiron Complexes Featuring 
Strong Fe–Fe Interactions. Angew. Chem. Int. Ed. 2011, 50, 709–712. 
293. Lee, Y.;  Anderton, K. J.;  Sloane, F. T.;  Ermert, D. M.;  Abboud, K. A.;  García-Serres, 
R.; Murray, L. J. Reactivity of Hydride Bridges in High-Spin [3M–3(µ-H)] Clusters (M = 
FeII, CoII). J. Am. Chem. Soc. 2015, 137, 10610–10617. 
294. Anderton, K. J.;  Knight, B. J.;  Rheingold, A. L.;  Abboud, K. A.;  García-Serres, R.; 
Murray, L. J. Reactivity of Hydride Bridges in a High-Spin [Fe3(µ-H)3]3+ Cluster: 
Reversible H2/CO Exchange and Fe–H/B–F Bond Metathesis. Chem. Sci. 2017, 8, 4123–
4129. 
295. McSkimming, A.; Suess, D. L. M. Selective Synthesis of Site-Differentiated Fe4S4 and 
Fe6S6 Clusters. Inorg. Chem. 2018, 57, 14904–14912. 
296. Chipman, J. A.; Berry, J. F. Paramagnetic Metal–Metal Bonded Heterometallic 
Complexes. Chem. Rev. 2020. 
297. Lee, S. C.;  Lo, W.; Holm, R. H. Developments in the Biomimetic Chemistry of Cubane-
Type and Higher Nuclearity Iron–Sulfur Clusters. Chem. Rev. 2014, 114, 3579–3600. 
298. Mehrotra, R. C.; Bohra, R. Metal carboxylates. R.C. Mehrotra, R. Bohra. Academic Press: 
1983. 
 
213 
 
299. Goeltz, J. C.;  Glover, S. D.;  Hauk, J.; Kubiak, C. P. Chapter 8. Ruthenium Complexes. 
In Inorganic Syntheses, pp 148–163. 
300. Brozek, C. K.; Dincă, M. Cation Exchange at the Secondary Building Units of Metal–
Organic Frameworks. Chem. Soc. Rev. 2014, 43, 5456–5467. 
301. Wang, C.-H.;  Gao, W.-Y.;  Ma, Q.; Powers, D. C. Templating Metastable Pd2 Carboxylate 
Aggregates. Chem. Sci. 2019, 10, 1823–1830. 
302. Cohen, S. M. The Postsynthetic Renaissance in Porous Solids. J. Am. Chem. Soc. 2017, 
139, 2855–2863. 
303. Eisenhart, R. J.;  Rudd, P. A.;  Planas, N.;  Boyce, D. W.;  Carlson, R. K.;  Tolman, W. B.;  
Bill, E.;  Gagliardi, L.; Lu, C. C. Pushing the Limits of Delta Bonding in Metal–Chromium 
Complexes with Redox Changes and Metal Swapping. Inorg. Chem. 2015, 54, 7579–7592. 
304. Cotton, F. A.;  Murillo, C. A.; Walton, R. A. Multiple Bonds between Metal Atoms. 
Springer Science: New York, 2005. 
305. Pauling, L. Atomic Radii and Interatomic Distances in Metals. J. Am. Chem. Soc. 1947, 
69, 542–553. 
306. Werncke, C. G.;  Bouammali, M.-A.;  Baumard, J.;  Suaud, N.;  Martins, C.;  Guihéry, N.;  
Vendier, L.;  Zheng, J.;  Sortais, J.-B.;  Darcel, C.;  Sabo-Etienne, S.;  Sutter, J.-P.;  
Bontemps, S.; Pichon, C. Ising-type Magnetic Anisotropy and Slow Relaxation of the 
Magnetization in Four-Coordinate Amido-Pyridine FeII Complexes. Inorg. Chem. 2016, 
55, 10968–10977. 
307. Pinsky, M.; Avnir, D. Continuous Symmetry Measures. 5. The Classical Polyhedra. Inorg. 
Chem. 1998, 37, 5575–5582. 
 
214 
 
308. Llunell, M. C. D.;  J. Cirera, P. A.; Alvarez, S. Shape program, version 2; Universitat de 
Barcelona: Barcelona, Spain, 2010. 
309. Searles, K.;  Fortier, S.;  Khusniyarov, M. M.;  Carroll, P. J.;  Sutter, J.;  Meyer, K.;  
Mindiola, D. J.; Caulton, K. G. A cis-Divacant Octahedral and Mononuclear Iron(IV) 
Imide. Angew. Chem. Int. Ed. 2014, 53, 14139–14143. 
310. Sorsche, D.;  Miehlich, M. E.;  Zolnhofer, E. M.;  Carroll, P. J.;  Meyer, K.; Mindiola, D. 
J. Metal–Ligand Cooperativity Promoting Sulfur Atom Transfer in Ferrous Complexes 
and Isolation of a Sulfurmethylenephosphorane Adduct. Inorg. Chem. 2018, 57, 11552–
11559. 
311. Yang, L.;  Powell, D. R.; Houser, R. P. Structural Variation in Copper(I) Complexes with 
Pyridylmethylamide Ligands: Structural Analysis with a New Four-Coordinate Geometry 
Index, τ4. Dalton Trans. 2007, 955–964. 
312. Sazama, G. T.; Betley, T. A. Ligand-Centered Redox Activity: Redox Properties of 3d 
Transition Metal Ions Ligated by the Weak-Field Tris(pyrrolyl)ethane Trianion. Inorg. 
Chem. 2010, 49, 2512–2524. 
313. Pangborn, A. B.;  Giardello, M. A.;  Grubbs, R. H.;  Rosen, R. K.; Timmers, F. J. Safe and 
Convenient Procedure for Solvent Purification. Organometallics 1996, 15, 1518–1520. 
314. Sheldrick, G. M. SADABS Program for Absorption Correction of Area Detector Frame. 
BRUKER AXS Inc.: 5465 East Cheryl Parkway, Madison, WI, USA, 2000. 
315. Dolomanov, O. V.;  Bourhis, L. J.;  Gildea, R. J.;  Howard, J. A. K.; Puschmann, H. 
OLEX2: A Complete Structure Solution, Refinement and Analysis Program. J. Appl. 
Crystallogr. 2009, 42, 339–341. 
 
215 
 
316. Sheldrick, G. A Short History of SHELX. Acta Crystallogr. A 2008, 64, 112–122. 
317. Sheldrick, G. Crystal Structure Refinement with SHELXL. Acta Crystallogr. Section C 
2015, 71, 3–8. 
318. APEX3 Program for Data Collection on Area Detectors, BRUKER AXS Inc.: 5465 East 
Cheryl Parkway, Madison, WI 53711-5373 USA. 
319. Sheldrick, G. SHELXT - Integrated space-group and crystal-structure determination. Acta 
Crystallogr. A 2015, 71, 3–8. 
320. Spek, A. Single-crystal structure validation with the program PLATON. J. Appl. 
Crystallogr. 2003, 36, 7–13. 
321. Rieth, R. D.;  Mankad, N. P.;  Calimano, E.; Sadighi, J. P. Palladium-Catalyzed Cross-
Coupling of Pyrrole Anions with Aryl Chlorides, Bromides, and Iodides. Org. Lett. 2004, 
6, 3981–3983. 
322. Ducloiset, C.;  Jouin, P.;  Paredes, E.;  Guillot, R.;  Sircoglou, M.;  Orio, M.;  Leibl, W.; 
Aukauloo, A. Monoanionic Dipyrrin–Pyridine Ligands: Synthesis, Structure and 
Photophysical Properties. Eur. J. Inorg. Chem. 2015, 2015, 5405–5410. 
323. Broere, D. L. J.;  Čorić, I.;  Brosnahan, A.; Holland, P. L. Quantitation of the THF Content 
in Fe[N(SiMe3)2]2·xTHF. Inorg. Chem. 2017, 56, 3140–3143. 
324. Maity, A.;  Frey, B. L.;  Hoskinson, N. D.; Powers, D. C. Electrocatalytic C–N Coupling 
via Anodically Generated Hypervalent Iodine Intermediates. J. Am. Chem. Soc. 2020, 142, 
4990–4995. 
325. Horn, E. J.;  Rosen, B. R.; Baran, P. S. Synthetic Organic Electrochemistry: An Enabling 
and Innately Sustainable Method. ACS Cent. Sci. 2016, 2, 302–308.  
 
216 
 
APPENDIX A 
COORDINATES AND ENERGIES 
Cyclohexane (SA) (geometric optimization was performed with Gaussian 16) 
 
 
Calculated energies of cyclohexane. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction 0.169174 (Hartree/Particle) 
Thermal correction to Energy 0.174921 
Thermal correction to Enthalpy 0.175865 
Thermal correction to Gibbs Free Energy 0.140379 
Sum of electronic and zero-point Energies –235.808475 
Sum of electronic and thermal Energies –235.802729 
Sum of electronic and thermal Enthalpies –235.801784 
Sum of electronic and thermal Free Energies –235.837271 
 
Optimized coordinates of cyclohexane. 
C –0.6339302     –1.1842152        –0.6229671 
C 0.8903408        –1.0466442        –0.5516101 
C 1.3229248         0.4226908        –0.5140741 
C 0.6339368         1.1842058         0.6229839 
C –0.8903382         1.0466538         0.5515999 
C –1.3229332        –0.4226782         0.5140639 
H 2.4088698         0.4935328        –0.4115351 
H 1.2540088        –1.5505992         0.3508299 
H 1.3549558        –1.5549262        –1.4004991 
H –0.9850112        –0.7898462        –1.5830771 
H –0.9187812        –2.2392202        –0.5970001 
H 0.9849958         0.7897788         1.5830729 
H 0.9188128         2.2391978         0.5970729 
H –1.3549562         1.5549468         1.4004809 
H –1.2539642         1.5506028        –0.3508581 
H –1.0681902        –0.8961262         1.4688269 
H –2.4088772        –0.4935062         0.4115059 
H 1.0681358         0.8961528        –1.4688161 
 
 
 
ΔGsolvationUB3LYP = –0.0059284 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –235.8431384 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –235.436991150893 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –235.9846467 
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Cyclohexyl radical (SB) (geometric optimization was performed with Gaussian 16) 
 
 
Calculated energies of cyclohexyl radical. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction 0.154559 (Hartree/Particle) 
 Thermal correction to Energy 0.160630 
 Thermal correction to Enthalpy   0.161574 
 Thermal correction to Gibbs Free Energy         0.124821 
 Sum of electronic and zero-point Energies           –235.157303 
 Sum of electronic and thermal Energies             –235.151232 
 Sum of electronic and thermal Enthalpies          –235.150288 
 Sum of electronic and thermal Free Energies       –235.187041 
 
Optimized coordinates of cyclohexyl radical. 
C –0.6598546 –1.2057832 –0.6632381 
C 0.8254094 –1.0857842 –0.7064231 
C 1.2972234 0.3685138 –0.5305151 
C 0.6125634 1.0403648 0.6625519 
C –0.9120356 0.9920318 0.5328189 
C –1.4192526 –0.4523072 0.3749749 
H 2.3829684 0.3932488 –0.4109501 
H 1.2665854 –1.6849722 0.1094659 
H 1.2226774 –1.5088362 –1.6320221 
H –1.1462026 –2.0108942 –1.2010161 
H 0.9139944 0.5332228 1.5861499 
H 0.9480054 2.0766788 0.7515939 
H –1.3838686 1.4570708 1.4016629 
H –1.2149976 1.5747368 –0.3428051 
H –1.3085106 –0.9575472 1.3505869 
H –2.4897106 –0.4615972 0.1569489 
H 1.0650054 0.9318538 –1.4397841 
 
 
 
ΔGsolvationUB3LYP = –0.0062023 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –235.1772889 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –234.768343200559 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –235.3170031 
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Acetoxy radical (G) 
 
 
Calculated energies of acetoxy radical. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.047502 (Hartree/Particle) 
Thermal correction to Energy  0.052004 
Thermal correction to Enthalpy                 0.052948 
Thermal correction to Gibbs Free Energy          0.019465 
Sum of electronic and zero-point Energies          –228.473192 
Sum of electronic and thermal Energies              –228.468690 
Sum of electronic and thermal Enthalpies         –228.467746 
Sum of electronic and thermal Free Energies          –228.501229 
 
Optimized coordinates of acetoxy radical. 
C                  –0.410365 –0.391323 –0.86157000 
H                  –0.242624 –1.463921 –0.77613200 
H                   0.193045 –0.000344 –1.68400900 
H                  –1.458651 –0.185062 –1.07716700 
C                  –0.005652 0.295174 0.38468300 
O                  –0.367649 1.455274 0.71570800 
O                   0.765549 –0.185172 1.25561800 
 
 
ΔGsolvationUB3LYP = –0.0082169 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –228.3993846 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –228.071169246320 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –228.5147691 
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Peracetoxy radical (C) 
 
Calculated energies of peracetoxy radical. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.051553 (Hartree/Particle) 
Thermal correction to Energy  0.057191 
Thermal correction to Enthalpy                 0.058135 
Thermal correction to Gibbs Free Energy          0.021471 
Sum of electronic and zero-point Energies          –303.648033 
Sum of electronic and thermal Energies              –303.642395 
Sum of electronic and thermal Enthalpies         –303.641450 
Sum of electronic and thermal Free Energies          –303.678115 
 
Optimized coordinates of peracetoxy radical. 
C 0.085772 –0.365047 0.05057100 
H 0.012334 –1.429963 0.27798200 
H 0.899527 –0.238336 –0.66543100 
H –0.846831 –0.007460 –0.37547900 
C 0.387142 0.389779 1.29146300 
O –0.200165 1.254310 1.84275700 
O 1.654622 –0.116915 1.83056500 
O 2.025119 0.474072 2.94410300 
 
 
ΔGsolvationUB3LYP = –0.0093483 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –303.5581881 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –303.126536205039 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –303.6934592 
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TSSAG-SBF (geometric optimization was performed with Gaussian 16) 
 
Calculated energies of TSSAG-SBF. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.213784 (Hartree/Particle) 
Thermal correction to Energy  0.224970 
Thermal correction to Enthalpy                 0.225914 
Thermal correction to Gibbs Free Energy          0.174395 
Sum of electronic and zero-point Energies          –464.276686 
Sum of electronic and thermal Energies              –464.265499 
Sum of electronic and thermal Enthalpies         –464.264555 
Sum of electronic and thermal Free Energies          –464.316075 
 
Optimized coordinates of TSSAG-SBF. 
C –1.963751 –2.426083 –1.7554389 
H –1.201903 –2.018056 –2.4207419 
H –2.525346 –1.589960 –1.3377429 
H –2.633621 –3.068651 –2.3212949 
C –1.318648 –3.220082 –0.6583609 
O –1.516965 –4.412511 –0.4717039 
O –0.485165 –2.624468 0.1643541 
C 0.026089 –0.058282 –0.1347799 
C 1.535797 0.029395 –0.0678419 
C 1.971097 1.510847 –0.0256009 
C 1.282880 2.260866 1.1156571 
C –0.239174 2.134374 1.0384791 
C –0.679410 0.654203 0.9992221 
H 3.057429 1.560757 0.0782571 
H 1.894926 –0.469513 0.8368821 
H 1.993689 –0.472126 –0.9219839 
H –0.363785 0.230586 –1.1144699 
H –0.258723 –1.219966 –0.0612599 
H 1.631148 1.860899 2.0734651 
H 1.569510 3.315565 1.0932241 
H –0.712028 2.624838 1.8924511 
H –0.603235 2.640178 0.1390081 
H –0.417871 0.182982 1.9509971 
H –1.763086 0.588978 0.8884301 
H 1.720146 1.985231 –0.9792079 
 
ΔGsolvationUB3LYP = –0.0164366 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –464.2363219 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –463.493235295868 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –464.4944203 
1.44
1.20
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TSSAC-SBD 
 
  Calculated energies of TSSAC-SBD. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.216279 (Hartree/Particle) 
Thermal correction to Energy  0.228648 
Thermal correction to Enthalpy                 0.229592 
Thermal correction to Gibbs Free Energy          0.174200 
Sum of electronic and zero-point Energies          –539.440516 
Sum of electronic and thermal Energies              –539.428146 
Sum of electronic and thermal Enthalpies         –539.427202 
Sum of electronic and thermal Free Energies          –539.482594 
 
  Optimized coordinates of TSSAC-SBD. 
C –3.812958 0.731227 –1.25017400 
H –3.803612 0.797097 –2.33775600 
H –3.008395 1.365982 –0.88005500 
H –4.766694 1.077548 –0.86234200 
C –3.613722 –0.681316 –0.81072500 
O –4.367415 –1.332332 –0.13611400 
O –1.613044 –0.561763 –2.02569900 
C 0.292543 0.223202 –0.51588800 
C 1.304307 0.833030 –1.45363400 
C 2.576729 1.214227 –0.66155900 
C 3.123506 0.018740 0.12082600 
C 2.062549 –0.594180 1.03634500 
C 0.790533 –0.979685 0.24514500 
H 3.327737 1.599044 –1.35526500 
H 1.577884 0.108987 –2.22678600 
H 0.896751 1.712550 –1.95465700 
H –0.214963 0.957314 0.11418200 
H –0.686314 –0.181866 –1.25836300 
H 3.477489 –0.741987 –0.58245100 
H 3.989940 0.326861 0.71168200 
H 2.452252 –1.481995 1.53948700 
H 1.793414 0.122957 1.81746800 
H 1.042399 –1.783348 –0.45286200 
H 0.027609 –1.361001 0.92532800 
H 2.336049 2.026477 0.03071800 
O –2.471497 –1.335291 –1.21439500 
 
ΔGsolvationUB3LYP = –0.0161921 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –539.3781315 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –538.537187846984 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –539.6619105 
1.26
1.29
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Iodobenzene J 
 
  Calculated energies of iodobenzene.  
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.089995 (Hartree/Particle) 
Thermal correction to Energy  0.095849 
Thermal correction to Enthalpy                 0.096793 
Thermal correction to Gibbs Free Energy          0.058277 
Sum of electronic and zero-point Energies          –529.454066 
Sum of electronic and thermal Energies              -529.448212 
Sum of electronic and thermal Enthalpies         -529.447268 
Sum of electronic and thermal Free Energies          -529.485785 
 
  Optimized coordinates of iodobenzene. 
C 0.267817 0.109806 0.00001100 
C 1.658724 0.112270 0.00050100 
C 2.362157 1.313940 0.00001700 
C 1.654969 2.510926 –0.00093200 
C 0.264929 2.525152 –0.00142100 
C –0.424924 1.315841 –0.00094500 
H –0.273497 –0.827020 0.00038900 
H 2.205557 –0.821827 0.00124300 
H 3.442989 1.311429 0.00037700 
H –0.276984 3.460042 –0.00217000 
H –1.507349 1.323476 –0.00132400 
I 2.711767 4.346954 –0.00170900 
 
 
ΔGsolvationUB3LYP = –0.0076356 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –529.2586798 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –528.344899060993 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –529.544381 
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TSGJ-N 
 
  Calculated energies of TSGJ-N. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.137547 (Hartree/Particle) 
Thermal correction to Energy  0.149310 
Thermal correction to Enthalpy                 0.150255 
Thermal correction to Gibbs Free Energy          0.093817 
Sum of electronic and zero-point Energies          –757.926122 
Sum of electronic and thermal Energies              –757.914359 
Sum of electronic and thermal Enthalpies         –757.913415 
Sum of electronic and thermal Free Energies          –757.969852 
 
  Optimized coordinates of TSGJ-N. 
C 0.569219 –0.635270 –1.13489800 
H 1.048178 –0.117434 –1.96589900 
H –0.439051 –0.232614 –1.01552300 
H 0.501900 –1.702183 –1.34443600 
C 1.325898 –0.407355 0.12613500 
O 1.476641 –1.267566 1.01826000 
O 1.853838 0.723682 0.37377700 
I 2.973492 0.430606 3.30901500 
C 3.879179 1.267657 5.01991900 
C 5.260067 1.178022 5.18237500 
C 3.086680 1.907777 5.97058800 
C 5.848305 1.733843 6.31341800 
H 5.869013 0.682320 4.43965600 
C 3.688054 2.459987 7.09627700 
H 2.016316 1.975284 5.83672700 
C 5.066387 2.374662 7.27013300 
H 6.920474 1.665168 6.44386000 
H 3.075352 2.957515 7.83681100 
H 5.529538 2.806864 8.14725900 
 
 
 
ΔGsolvationUB3LYP = –0.0141461 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –757.6594546 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –756.412894467837 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –758.0627594 
  
3.16
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Iodanyl radical N 
 
  Calculated energies of iodanyl radical. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.139459 (Hartree/Particle) 
Thermal correction to Energy  0.151474 
Thermal correction to Enthalpy                 0.152418 
Thermal correction to Gibbs Free Energy          0.095884 
Sum of electronic and zero-point Energies          –757.934457 
Sum of electronic and thermal Energies              –757.922442 
Sum of electronic and thermal Enthalpies         –757.921498 
Sum of electronic and thermal Free Energies          –757.978031 
 
  Optimized coordinates of iodanyl radical. 
C 1.228078 –0.015562 –0.42036300 
H 1.770169 0.879540 –0.71292700 
H 0.155790 0.175719 –0.48504200 
H 1.469716 –0.836677 –1.09430500 
C 1.542540 –0.446327 1.00972600 
O 1.143185 –1.533163 1.43337800 
O 2.218805 0.421284 1.67517300 
I 2.399552 –0.798649 3.99357600 
C 3.495878 0.683354 5.00443300 
C 4.887927 0.644644 4.97255300 
C 2.813048 1.687103 5.68728800 
C 5.603434 1.627108 5.64766800 
H 5.405876 –0.135839 4.43374400 
C 3.543607 2.661892 6.35740800 
H 1.732668 1.709249 5.69871700 
C 4.934942 2.633465 6.33875400 
H 6.685118 1.603849 5.63041700 
H 3.021415 3.444111 6.89242600 
H 5.497733 3.395867 6.86083000 
  
ΔGsolvationUB3LYP = –0.0166893 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –757.6726114 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –756.419476782406 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –758.0702635  
2.6397.6°
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Acetaldehyde (A) 
 
  Calculated energies of acetaldehyde. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.055254 (Hartree/Particle) 
Thermal correction to Energy  0.059128 
Thermal correction to Enthalpy                 0.060072 
Thermal correction to Gibbs Free Energy          0.030352 
Sum of electronic and zero-point Energies          –153.851895 
Sum of electronic and thermal Energies              –153.848021 
Sum of electronic and thermal Enthalpies         –153.847077 
Sum of electronic and thermal Free Energies          –153.876797 
 
  Optimized coordinates of acetaldehyde. 
C –1.61401091 2.70604392 0.00000000 
H –1.57556891 1.63221592 0.20570700 
H –0.93545991 2.88397492 –0.83934200 
H –2.62738591 3.00155092 –0.26527500 
C –1.11814091 3.44854592 1.19487600 
O –1.75147791 4.27712092 1.80889500 
H –0.08852791 3.19401792 1.51305700 
  
 
 
ΔGsolvationUB3LYP = –0.0071861 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –153.8216263 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –153.589350635369 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –153.9018717 
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Peracetic Acid D 
 
  Calculated energies of peracetic acid. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.064524 (Hartree/Particle) 
Thermal correction to Energy  0.070064 
Thermal correction to Enthalpy                 0.071008 
Thermal correction to Gibbs Free Energy          0.035850 
Sum of electronic and zero-point Energies          –304.294824 
Sum of electronic and thermal Energies              –304.289284 
Sum of electronic and thermal Enthalpies         –304.288340 
Sum of electronic and thermal Free Energies          –304.323498 
 
  Optimized coordinates of peracetic acid. 
C 2.020788 –0.936631  0.14567300 
 H 2.373411 –1.963029  0.20365400 
 H 2.415699 –0.464076 –0.75448500 
 H 0.932482 –0.921209  0.08711900 
 C 2.444197 –0.128465  1.32559500 
 O 2.156359 1.020770  1.56847800 
 O 3.239109 –0.844567  2.15565900 
 O 3.657710 –0.066115  3.28974300 
 H 3.212226 0.791028  3.10108200 
 
 
 
ΔGsolvationUB3LYP = –0.0081201 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –304.2201254 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –303.790428123820 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –304.3546067 
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Baeyer-Villiger Peroxide (E) 
 
  Calculated energies of Baeyer-Villiger peroxide. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.124724 (Hartree/Particle) 
Thermal correction to Energy  0.134325 
Thermal correction to Enthalpy                 0.135269 
Thermal correction to Gibbs Free Energy          0.088640 
Sum of electronic and zero-point Energies          –458.150931 
Sum of electronic and thermal Energies              –458.141330 
Sum of electronic and thermal Enthalpies         –458.140385 
Sum of electronic and thermal Free Energies          –458.187015 
 
  Optimized coordinates of Baeyer-Villiger peroxide. 
C 0.495963 1.167279 –0.15954800 
 H 1.330058 0.537480 –0.45801600 
 H 0.465998 2.053396 –0.79461300 
 H –0.440689 0.625474 –0.28931800 
 C 0.588815 1.615374  1.27124300 
 O –0.227255 2.258882  1.86967600 
 O 1.771857 1.187872  1.79495200 
 O 1.929220 1.618053  3.17411700 
 C 2.781841 0.642865  3.78959400 
 H 3.662427 0.518651  3.15471200 
 C 3.128730 1.235129  5.13556900 
 H 2.227220 1.365271  5.73469700 
 H 3.800730 0.553824  5.65549300 
 H 3.624852 2.196651  5.01644500 
 O 2.124712 –0.576963  3.97248900 
 H 2.128020 –1.067515  3.14186800 
 
 
 
ΔGsolvationUB3LYP = –0.0148361 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –458.0625809 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –457.3961971 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –458.2705825 
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AcOH (F) 
 
  Calculated energies of acetic acid. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.061200 (Hartree/Particle) 
Thermal correction to Energy  0.065779 
Thermal correction to Enthalpy                 0.066723 
Thermal correction to Gibbs Free Energy          0.033984 
Sum of electronic and zero-point Energies          –229.139164 
Sum of electronic and thermal Energies              –229.134585 
Sum of electronic and thermal Enthalpies         –229.133641 
Sum of electronic and thermal Free Energies          –229.166379 
 
  Optimized coordinates of acetic acid. 
C –1.90247244 –0.63186812  0.00000000 
 H –1.31760544 –1.46448912 –0.39227600 
 H –2.16612844 0.04932288 –0.80332400 
 H –2.80895144 –1.04879112  0.44206600 
 C –1.12130644 0.09320388  1.05144900 
 O –0.86545144 1.27418488  1.05646800 
 O –0.71725144 –0.73313112  2.03886000 
 H –0.23004444 –0.20705112  2.69436400 
 
 
 
ΔGsolvationUB3LYP=-0.0084752 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF=-229.0907333 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF=-228.757571132506 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF=-229.1948902 
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TSAD-E 
 
  Calculated energies of TSAD-E. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.180765 (Hartree/Particle) 
Thermal correction to Energy  0.195426 
Thermal correction to Enthalpy                 0.196370 
Thermal correction to Gibbs Free Energy          0.137516 
Sum of electronic and zero-point Energies          –687.277131 
Sum of electronic and thermal Energies              –687.262471 
Sum of electronic and thermal Enthalpies         –687.261526 
Sum of electronic and thermal Free Energies          –687.320381 
 
  Optimized coordinates of TSAD-E. 
C 0.577617 1.668774  0.59155900 
 H 0.966716 0.663808  0.45151500 
 H 1.002286 2.335596 –0.15897700 
 H –0.505155 1.662169  0.46300400 
 C 0.886988 2.226263  1.95054600 
 O 0.599408 3.316629  2.35596700 
 O 1.561217 1.282056  2.67553500 
 O 1.877107 1.739285  3.99692900 
 H 1.676507 0.798932  4.63244900 
 C 4.183486 2.993504  3.28717400 
 H 5.222096 3.273356  3.49265300 
 H 3.554393 3.858261  3.47865800 
 H 4.116971 2.685918  2.24500600 
 C 3.854857 1.875903  4.19888600 
 O 4.284843 0.709337  3.92316300 
 H 3.639103 2.115259  5.24012300 
 C 1.802206 –2.083463  6.74238800 
 H 2.632561 –2.564932  7.25182600 
 H 1.285825 –2.824163  6.12758700 
 H 1.083195 –1.702006  7.46625500 
 C 2.281075 –0.972244  5.84978800 
 O 1.393948 –0.185138  5.39281800 
 O 3.514885 –0.894266  5.59825000 
 H 3.969428 –0.009638  4.68583600 
ΔGsolvationUB3LYP = –0.0178553 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –687.1385092 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –686.133591519069 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –687.4597211 
  
1.15 1.28
1.43
1.99
1.09
1.35
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TSAD-E' 
 
  Calculated energies of TSAD-E’. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.117096 (Hartree/Particle) 
Thermal correction to Energy  0.126938 
Thermal correction to Enthalpy                 0.127882 
Thermal correction to Gibbs Free Energy          0.080539 
Sum of electronic and zero-point Energies          –458.088563 
Sum of electronic and thermal Energies              –458.078721 
Sum of electronic and thermal Enthalpies         –458.077777 
Sum of electronic and thermal Free Energies          –458.125121 
 
  Optimized coordinates of TSAD-E’. 
C 0.637571 1.447081  0.25536000 
 H 1.541582 0.945043  –0.07964600 
 H 0.487362 2.363754  –0.31303600 
 H –0.219195 0.794646  0.07821100 
 C 0.674152 1.784187  1.71765400 
 O –0.104715 2.479187  2.30890000 
 O 1.745713 1.165127  2.29565200 
 O 1.794390 1.370409  3.70763100 
 H 2.818328 0.870054  4.29071500 
 C 3.786409 3.270139  3.37210700 
 H 4.576698 3.878061  3.82992100 
 H 3.086928 3.952130  2.89095200 
 H 4.248143 2.598672  2.65066400 
 C 3.145815 2.531934  4.48030600 
 O 3.641120 1.420153  4.94228400 
 H 2.471888 3.100549  5.12613000 
 
ΔGsolvationUB3LYP = –0.0149293 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –457.984102 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –457.317190766942 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –458.2011245 
 
  
1.43
1.28
1.181.94
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Iodosyl benzene (K) 
 
  Calculated energies of iodosyl benzene 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.092023(Hartree/Particle) 
Thermal correction to Energy  0.099501 
Thermal correction to Enthalpy                 0.100445 
Thermal correction to Gibbs Free Energy          0.057528 
Sum of electronic and zero-point Energies          –604.608801 
Sum of electronic and thermal Energies              –604.601323 
Sum of electronic and thermal Enthalpies         –604.600379 
Sum of electronic and thermal Free Energies          –604.643296 
 
  Optimized coordinates of iodosyl benzene. 
O –0.722931 0.710105 –0.18689600 
I –0.335413 2.303031 0.71053600 
C 0.955197 1.661974 2.27190100 
C 2.330359 1.673250 2.06401200 
C 0.401909 1.212202 3.46618500 
C 3.167408 1.220088 3.07925800 
H 2.744735 2.024841 1.12943100 
C 1.250518 0.760149 4.47187700 
H –0.669201 1.210208 3.61268800 
C 2.628610 0.764575 4.27854300 
H 4.239037 1.222658 2.92908500 
H 0.832205 0.405870 5.40486500 
H 3.283831 0.412051 5.06424700 
 
ΔGsolvationUB3LYP = –0.021493 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –604.3650669 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –603.3594043 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –604.6882562 
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 [Hydroxy(acetoxy)iodo]benzene (L) 
 
  Calculated energies of [hydroxy(acetoxy)iodo]benzene. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.153550(Hartree/Particle) 
Thermal correction to Energy  0.167317 
Thermal correction to Enthalpy                 0.168261 
Thermal correction to Gibbs Free Energy          0.109590 
Sum of electronic and zero-point Energies          –833.773419 
Sum of electronic and thermal Energies              –833.759652 
Sum of electronic and thermal Enthalpies         –833.758708 
Sum of electronic and thermal Free Energies          –833.817378 
 
  Optimized coordinates of [hydroxy(acetoxy)iodo]benzene. 
O –1.22939555 1.60714283 0.00000000 
I –0.91376255 3.44600083 1.26475200 
C 0.25058945 2.08410683 2.38601300 
C 1.59692645 1.94061883 2.07784200 
C –0.34982255 1.38256683 3.42292500 
C 2.36390145 1.06430583 2.83974600 
H 2.04375445 2.49341583 1.26374500 
C 0.43177645 0.50972783 4.17402600 
H –1.39983255 1.50808383 3.64553800 
C 1.78311345 0.35156983 3.88359600 
H 3.41436245 0.94081383 2.61176500 
H –0.02092655 –0.04592417 4.98453100 
H 2.38461445 –0.32921817 4.47126300 
C –2.23063655 0.71451783 –1.95110100 
H –2.68047755 –0.10588617 –1.39079400 
H –2.88866155 1.00717383 –2.76551700 
H –1.28570355 0.35164883 –2.35850600 
C –1.97113655 1.88704783 –1.03275100 
O –2.42560555 3.00918383 –1.25594700 
O –0.53573555 4.94703483 2.61253600 
H 0.29699645 5.36691383 2.35908400 
 
ΔGsolvationUB3LYP = –0.022448 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –833.4917357 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –832.150578405751 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –833.9202035  
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(Diacetoxyiodo)benzene (M) 
 
 Calculated energies of (Diacetoxyiodo)benzene. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.191582 (Hartree/Particle) 
Thermal correction to Energy  0.208642 
Thermal correction to Enthalpy                 0.209586 
Thermal correction to Gibbs Free Energy          0.143011 
Sum of electronic and zero-point Energies          –986.468339 
Sum of electronic and thermal Energies              –986.451280 
Sum of electronic and thermal Enthalpies         –986.450335 
Sum of electronic and thermal Free Energies          –986.516911 
 
  Optimized coordinates of (Diacetoxyiodo)benzene. 
C 5.056609 1.565791  5.11162200 
 H 4.747561 2.534308  4.72742300 
 H 6.131603 1.561098  5.29128900 
 H 4.562846 1.379931  6.06693600 
 C 4.684225 0.476703  4.13823300 
 O 5.126238 –0.712324  4.46633900 
 O 4.065345 –3.956306  1.76945500 
 O 4.015459 0.677533  3.12942200 
 I 4.460163 –2.169034  2.96820800 
 C 5.577722 –3.517019  4.14914000 
 C 6.917789 –3.716128  3.84558100 
 C 4.949894 –4.172331  5.19994200 
 C 7.650207 –4.604451  4.62697300 
 H 7.385701 –3.194750  3.02287700 
 C 5.697737 –5.057041  5.97081100 
 H 3.905508 –4.001610  5.41860400 
 C 7.042223 –5.271578  5.68542200 
 H 8.695714 –4.771192  4.40432900 
 H 5.224630 –5.575695  6.79395900 
 H 7.617747 –5.960361  6.28956700 
 C 2.996526 –4.802527 –0.16552300 
 H 2.591418 –5.635341  0.40921000 
 H 2.287044 –4.498247 –0.93033400 
 H 3.916997 –5.147358 –0.63949700 
 C 3.308916 –3.643060  0.74584600 
 O 2.903577 –2.502420  0.54818100 
ΔGsolvationUB3LYP = –0.02323 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –986.1608992 
2.19
2.19
 
234 
 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –984.581431 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –986.6564273 
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H2O 
 
Calculated energies of H2O. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.021023 (Hartree/Particle) 
Thermal correction to Energy  0.023858 
Thermal correction to Enthalpy                 0.024803 
Thermal correction to Gibbs Free Energy          0.002718 
Sum of electronic and zero-point Energies          –76.452690 
Sum of electronic and thermal Energies              –76.449855 
Sum of electronic and thermal Enthalpies         –76.448910 
Sum of electronic and thermal Free Energies          –76.470995 
 
Optimized coordinates of H2O. 
O –1.0233516 2.56868128  0.00000000 
 H –0.0604776 2.61180028  0.00000000 
 H –1.3042366 3.49085228  0.00000000 
 
 
 
ΔGsolvationUB3LYP = –0.0070614 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –76.4291102 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –76.336929595414 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –76.4666598 
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 (1-Hydroxylethoxyiodo)benzene cation (O) 
¶  
  Calculated energies of (1-hydroxylethoxyiodo)benzene cation. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.164493 (Hartree/Particle) 
Thermal correction to Energy  0.176079 
Thermal correction to Enthalpy                 0.177023 
Thermal correction to Gibbs Free Energy          0.124976 
Sum of electronic and zero-point Energies          –758.904443 
Sum of electronic and thermal Energies              –758.892857 
Sum of electronic and thermal Enthalpies         –758.891913 
Sum of electronic and thermal Free Energies          –758.943961 
 
Optimized coordinates of (1-hydroxylethoxyiodo)benzene cation. 
O –0.279416 0.142862  0.07650800 
C –0.549785 –0.298748  1.45688800 
H –0.969473 –1.304862  1.41329600 
C 0.789504 –0.263120  2.15056300 
H 1.196972 0.747881  2.13199600 
H 0.658213 –0.569752  3.18829800 
H 1.488192 –0.942469  1.66629300 
O –1.412018 0.593673  2.07258700 
H –2.328046 0.388677  1.84465900 
I –1.308356 –0.630094 –1.39492900 
C –3.090822 0.464271 –1.28630000 
C –3.147137 1.707588 –1.90993100 
C –4.167397 –0.084807 –0.59252600 
C –4.332108 2.426949 –1.82482000 
H –2.294571 2.104748 –2.44135800 
C –5.342705 0.652570 –0.52518500 
H –4.096145 –1.055871 –0.12467200 
C –5.421884 1.901481 –1.13586700 
H –4.401156 3.396493 –2.29875000 
H –6.194716 0.249648  0.00517700 
H –6.340944 2.468768 –1.07579000 
 
ΔGsolvationUB3LYP = –0.0959854 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –758.5894483 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –757.351610642249 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –758.9908321  
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(Acetoxyiodo)benzene cation (Q) 
 
Calculated energies of (acetoxyiodo)benzene cation. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.141193 (Hartree/Particle) 
Thermal correction to Energy  0.152474 
Thermal correction to Enthalpy                 0.153418 
Thermal correction to Gibbs Free Energy          0.101508 
Sum of electronic and zero-point Energies          –757.736214 
Sum of electronic and thermal Energies              –757.724933 
Sum of electronic and thermal Enthalpies         –757.723989 
Sum of electronic and thermal Free Energies          –757.775899 
 
Optimized coordinates of (acetoxyiodo)benzene cation. 
C 1.461621 0.132288 –0.07613100 
 H 2.439513 0.443082 –0.44292300 
 H 0.854143 1.027931  0.05903100 
 H 0.98648 –0.538061 –0.78583500 
 C 1.608338 –0.565979  1.23867400 
 O 1.207222 –1.67401  1.52571500 
 O 2.257991 0.176166  2.15177500 
 I 2.369212 –0.88096  3.88258300 
 C 3.414661 0.647803  4.82505100 
 C 4.807907 0.622789  4.78506700 
 C 2.693892 1.628262  5.50437400 
 C 5.496987 1.629914  5.44523600 
 H 5.336339 -0.156622  4.25590300 
 C 3.40639 2.625727  6.15523900 
 H 1.613873 1.615858  5.52173000 
 C 4.798907 2.625199  6.12468100 
 H 6.578195 1.634299  5.42920800 
 H 2.872909 3.401717  6.68660600 
 H 5.344899 3.405564  6.63746800 
 
ΔGsolvationUB3LYP=-0.0898723 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF=-757.4055755 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF=-756.164970644922 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF=-757.8007632  
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Acetate anion (P) 
 
Calculated energies of acetate anion. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.048226 (Hartree/Particle) 
Thermal correction to Energy  0.052590 
Thermal correction to Enthalpy                 0.053534 
Thermal correction to Gibbs Free Energy          0.021012 
Sum of electronic and zero-point Energies          –228.663253 
Sum of electronic and thermal Energies              –228.658889 
Sum of electronic and thermal Enthalpies         –228.657945 
Sum of electronic and thermal Free Energies          –228.690467 
 
Optimized coordinates of acetate anion. 
C –2.017503 –1.104086 –0.00938600 
 H –1.873820 –0.642085  0.96846000 
 H –1.535934 –0.496843 –0.77670400 
 H –3.092318 –1.109043 –0.21490400 
 C –1.499925 –2.557688 –0.02696000 
 O –1.593991 –3.197270  1.05031400 
 O –1.057644 –2.983633 –1.12291000 
 
 
ΔGsolvationUB3LYP = –0.0892618 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –228.521743 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –228.182660082213 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –228.6246738 
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 (Hydroxyiodo) benzene cation (R) 
 
Calculated energies of (hydroxyiodo)benzene cation. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.103889 (Hartree/Particle) 
Thermal correction to Energy  0.111727 
Thermal correction to Enthalpy                 0.112671 
Thermal correction to Gibbs Free Energy          0.069718 
Sum of electronic and zero-point Energies          –605.051598 
Sum of electronic and thermal Energies              –605.043760 
Sum of electronic and thermal Enthalpies         –605.042816 
Sum of electronic and thermal Free Energies          –605.085769 
 
Optimized coordinates of (hydroxyiodo)benzene cation. 
O –0.882223 –4.667941 –1.77022300 
I –0.416763 –2.971088 –0.91605200 
 C 0.920125 –3.675669  0.52154300 
 C 2.282148 –3.653739  0.22935900 
 C 0.411870 –4.143270  1.73154600 
 C 3.162503 –4.131343  1.19081300 
 H 2.643038 –3.277661 –0.71695000 
 C 1.312362 –4.619735  2.67463400 
 H –0.649788 –4.140315  1.93059900 
 C 2.678408 –4.613465  2.40414500 
 H 4.224970 –4.126943  0.98959100 
 H 0.944793 –4.993733  3.62033000 
 H 3.371843 –4.985667  3.14624500 
 H –0.233003 –4.823860 –2.47830000 
 
 
ΔGsolvationUB3LYP = –0.0966032 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –604.742049 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –603.73950406288 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –605.0682501 
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Hydroxyiodanyl radical (S) 
 
Calculated energies of hydroxyiodanyl radical. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.100955 (Hartree/Particle) 
Thermal correction to Energy  0.109861 
Thermal correction to Enthalpy                 0.110805 
Thermal correction to Gibbs Free Energy          0.063421 
Sum of electronic and zero-point Energies          –605.230425 
Sum of electronic and thermal Energies              –605.221520 
Sum of electronic and thermal Enthalpies         –605.220575 
Sum of electronic and thermal Free Energies          –605.267959 
 
Optimized coordinates of hydroxyiodanyl radical. 
O –1.119582 –4.920261 –2.08166400 
 I –0.395611 –2.799220 –0.84690100 
 C 0.946689 –3.591649  0.57313800 
 C 2.308595 –3.601827  0.28973600 
 C 0.450282 –4.097953  1.76987700 
 C 3.187823 –4.127330  1.23140000 
 H 2.681307 –3.207457 –0.64476200 
 C 1.342984 –4.620619  2.70050400 
 H –0.610289 –4.088485  1.97636700 
 C 2.708433 –4.635901  2.43438600 
 H 4.248922 –4.137423  1.01899500 
 H 0.964804 –5.016382  3.63401500 
 H 3.397241 –5.043718  3.16221400 
 H –0.341316 –4.936206 –2.66002500 
 
 
ΔGsolvationUB3LYP = –0.015108 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –604.9958116 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –603.987477718306 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –605.3255929  
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Acetyl radical (B) 
 
  Calculated energies of acetyl radical. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.043017 (Hartree/Particle) 
Thermal correction to Energy  0.046912 
Thermal correction to Enthalpy                 0.047856 
Thermal correction to Gibbs Free Energy          0.017568 
Sum of electronic and zero-point Energies          –153.211056 
Sum of electronic and thermal Energies              –153.207162 
Sum of electronic and thermal Enthalpies         –153.206218 
Sum of electronic and thermal Free Energies          –153.236505 
 
  Optimized coordinates of acetyl radical. 
C 0.376679 1.276300 –0.03548700 
 H 0.767080 1.998360  0.68295600 
 H 0.702131 1.600379 –1.02539200 
 H –0.714148 1.233931  0.01427900 
 C 0.987257 –0.057642  0.24907100 
 O 0.471929 –1.095191  0.48592700 
 
 
ΔGsolvationUB3LYP = –0.0046385 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –153.1721544 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –152.938624757949 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –153.2506856 
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TSDJ-FK 
 
 Calculated energies of TSDJ-FK. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.153017 (Hartree/Particle) 
Thermal correction to Energy  0.166030 
Thermal correction to Enthalpy                 0.166974 
Thermal correction to Gibbs Free Energy          0.108595 
Sum of electronic and zero-point Energies          –833.726426 
Sum of electronic and thermal Energies              –833.713412 
Sum of electronic and thermal Enthalpies         –833.712468 
Sum of electronic and thermal Free Energies          –833.770847 
 
Optimized coordinates of TSDJ-FK. 
C 4.059295 –1.980313  6.63539400 
 C 5.428566 –2.136726  6.44560600 
 C 6.176718 –1.109683  5.87869100 
 C 5.563195 0.079661  5.49927400 
 C 4.193560 0.216670  5.69737300 
 C 3.428152 –0.798382  6.26062700 
 H 3.474610 –2.777748  7.07469600 
 H 5.912570 –3.059024  6.73809400 
 H 7.241638 –1.228711  5.72866100 
 H 6.141772 0.878114  5.05772500 
 H 2.364275 –0.676315  6.40388400 
 I 3.250284 2.013348  5.12461700 
 C 3.329732 1.470317  0.44612800 
 O 4.329107 1.982098  0.96715800 
 O 2.292348 1.085015  1.10766600 
 O 2.684208 1.478972  2.89604800 
 H 3.540268 1.813542  2.52276400 
 C 3.248348 1.254690 –1.04977400 
 H 4.095185 0.641865 –1.36031100 
 H 2.320037 0.774160 –1.34705400 
 H 3.333619 2.222776 –1.54533700 
 
ΔGsolvationUB3LYP = –0.0215699 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –833.4278594 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –832.095549387548 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –833.8722365 
2.36
0.99
1.751.87
1.29 1.24
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TSCJ-GK 
 
Calculated energies of TSCJ-GK. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.141023 (Hartree/Particle) 
Thermal correction to Energy  0.154016 
Thermal correction to Enthalpy                 0.154960 
Thermal correction to Gibbs Free Energy          0.095417 
Sum of electronic and zero-point Energies          –833.074136 
Sum of electronic and thermal Energies              –833.061142 
Sum of electronic and thermal Enthalpies         –833.060198 
Sum of electronic and thermal Free Energies          –833.119741 
 
Optimized coordinates of TSCJ-GK. 
C –1.486425 0.761591  0.10051600 
 H –2.551982 0.833863 –0.11724300 
 H –1.181046 1.679110  0.60583900 
 H –1.301456 –0.086598  0.75474700 
 C –0.727964 0.669329 –1.21113100 
 O 0.076690 –0.371302 –1.22282400 
 O –0.879484 1.475683 –2.10966600 
 I 0.674068 –0.237005 –4.67316600 
 C 0.662423 –2.250529 –5.28450700 
 C 1.874477 –2.901909 –5.49222800 
 C –0.558055 –2.893921 –5.46460300 
 C 1.855902 –4.233159 –5.89300500 
 H 2.812584 –2.386543 –5.34397000 
 C –0.557020 –4.225088 –5.86785200 
 H –1.489425 –2.373467 –5.29344400 
 C 0.644913 –4.892946 –6.08098700 
 H 2.791010 –4.751840 –6.05805200 
 H –1.498884 –4.737777 –6.01177600 
 H 0.638216 –5.928883 –6.39277200 
 O 1.068396 –0.386345 –2.61133700 
 
ΔGsolvationUB3LYP = –0.0233185 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –832.7674932 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –831.430321220141 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –833.2069974  
3.45
1.71
2.10
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Diacetyl peroxide (H) 
 
Calculated energies of diacetyl peroxide. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.101329 (Hartree/Particle) 
Thermal correction to Energy  0.110237 
Thermal correction to Enthalpy                 0.111181 
Thermal correction to Gibbs Free Energy          0.066654 
Sum of electronic and zero-point Energies          –456.974377 
Sum of electronic and thermal Energies              –456.965469 
Sum of electronic and thermal Enthalpies         –456.964525 
Sum of electronic and thermal Free Energies          –457.009052 
 
Optimized coordinates of diacetyl peroxide. 
C –3.890278 1.441444  0.15012500 
C –5.373755 1.483237 –0.05166800 
H –5.742453 0.619581 –0.59964500 
H –5.856968 1.550076  0.92087200 
H –5.611030 2.385305 –0.61947400 
O –3.243413 2.038655  0.95743100 
O –3.347001 0.583650 –0.78843600 
O –1.901893 0.621041 –0.76497600 
C –1.330640 –0.511121 –0.21225700 
C –2.222492 –1.572454  0.33655200 
H –2.829538 –1.181021  1.15331900 
H –2.897967 –1.944436 –0.43357700 
H –1.598809 –2.382052  0.70388300 
O –0.132169 –0.516656 –0.24298500 
 
 
ΔGsolvationUB3LYP = –0.014699 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –456.8667265 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –456.198172682566 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –457.0699857 
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TSDN-GL 
 
Calculated energies of TSDN-GL. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.202549 (Hartree/Particle) 
Thermal correction to Energy  0.221971 
Thermal correction to Enthalpy                 0.222915 
Thermal correction to Gibbs Free Energy          0.146541 
Sum of electronic and zero-point Energies          -1062.214397 
Sum of electronic and thermal Energies              -1062.194975 
Sum of electronic and thermal Enthalpies         -1062.194031 
Sum of electronic and thermal Free Energies          -1062.270405 
 
Optimized coordinates of TSDN-GL. 
C 1.421824 0.449581 -0.307244 
 H 0.592662 1.156107 -0.234274 
 H 1.173661 -0.309428 -1.045495 
 H 2.310350 0.999081 -0.610990 
 C 1.612265 -0.203339 1.051495 
 O 1.100737 -1.288493 1.323058 
 O 2.328751 0.501025 1.869518 
 I 2.385089 -0.759581 3.928849 
 C 3.581299 0.785344 4.699604 
 C 4.963984 0.693916 4.579502 
 C 2.964898 1.866194 5.320927 
 C 5.745917 1.717991 5.102269 
 H 5.423780 -0.153650 4.092056 
 C 3.763221 2.880987 5.837274 
 H 1.888999 1.918423 5.404066 
 C 5.148428 2.807602 5.728782 
 H 6.822919 1.660926 5.016897 
 H 3.297771 3.727582 6.324226 
 H 5.763381 3.600496 6.133355 
 C 3.518358 -3.743056 7.617010 
 O 4.206004 -4.024428 6.649404 
 O 2.605100 -2.790970 7.610623 
 O 2.583641 -2.091369 6.071303 
 H 3.293634 -2.682733 5.730864 
 C 3.604652 -4.437518 8.950273 
 H 4.632524 -4.367704 9.306668 
 H 2.929935 -4.009215 9.686687 
 H 3.363109 -5.490525 8.801391 
2.42
2.53 0.98
1.86
1.22
1.69
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ΔGsolvationUB3LYP = -0.0247319 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = -1061.866565 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = -1060.19742701894 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = -1062.4123104 
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TSHN-GM (geometric optimization was performed with Gaussian 16) 
 
Calculated energies of TSHN-GM. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.239057(Hartree/Particle) 
Thermal correction to Energy  0.262167 
Thermal correction to Enthalpy                 0.263111 
Thermal correction to Gibbs Free Energy          0.176898 
Sum of electronic and zero-point Energies          –1214.884211 
Sum of electronic and thermal Energies              –1214.861101 
Sum of electronic and thermal Enthalpies         –1214.860157 
Sum of electronic and thermal Free Energies          –1214.946370 
 
Optimized coordinates of TSHN-GM. 
C 4.4380686 –3.0025248 2.8592286 
H 4.7039496 –3.9164888 2.3239946 
H 4.2431866 –3.2507238 3.9000276 
H 5.2721836 –2.3085578 2.7827656 
C 3.1813696 –2.4324168 2.2247846 
O 2.0614026 –2.7080768 2.6578586 
O 3.4059766 –1.6750708 1.2009616 
I 1.1982006 –1.0352968 0.4423616 
C 2.0980346 0.0607312 –1.0978934 
C 2.4172376 1.3978612 –0.8781804 
C 2.3567586 –0.5664898 –2.3134924 
C 3.0089176 2.1200002 –1.9078664 
H 2.2089066 1.8677362 0.0721806 
C 2.9491146 0.1716482 –3.3315154 
H 2.1018636 –1.6053638 –2.4653384 
C 3.2743376 1.5098662 –3.1303364 
H 3.2607466 3.1604842 –1.7514554 
H 3.1546836 –0.3028038 –4.2818614 
H 3.7348216 2.0781842 –3.9274804 
C –5.1716504 1.6416872 0.0186036 
C –6.6083814 1.6913542 0.5122466 
H –6.6310704 2.2948182 1.4190736 
H –7.2019754 2.1895422 –0.2555084 
H –7.0277994 0.7085222 0.7094116 
O –4.4807494 2.6190662 –0.1423934 
O –4.8275324 0.3790532 –0.1947754 
O –3.2482304 0.3063032 –0.9528074 
C –2.2921514 –0.0492288 –0.1385884 
C –2.5398484 –0.2541808 1.3182226 
1.75
2.80
2.42
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H –1.6185484 –0.5434508 1.8143036 
H –2.9206454 0.6661992 1.7609076 
H –3.2956864 –1.0262008 1.4593936 
O –1.2054924 –0.1861838 –0.7068324 
 
ΔGsolvationUB3LYP = –0.0296307 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –1214.500474 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –1212.593744612077 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –1215.1210493 
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TSEN-GT (geometric optimization was performed with Gaussian 16) 
 
Calculated energies of TSEN-GT. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.262803 (Hartree/Particle) 
Thermal correction to Energy  0.286222 
Thermal correction to Enthalpy                 0.287167 
Thermal correction to Gibbs Free Energy          0.201903 
Sum of electronic and zero-point Energies          –1216.057359 
Sum of electronic and thermal Energies              –1216.033940 
Sum of electronic and thermal Enthalpies         –1216.032996 
Sum of electronic and thermal Free Energies          –1216.118260 
 
Optimized coordinates of TSEN-GT. 
I –0.2499702 –0.1561363  –1.0972171 
C 0.6818228 1.3746527  –0.0077811 
C 2.0686128 1.4773537  –0.0420451 
C –0.1044212 2.2603047 0.7218699 
C 2.6786098 2.4961107 0.6810509 
H 2.6620058 0.7790597  –0.6142051 
C 0.5231398 3.2732577 1.4386039 
H –1.1805982 2.1662297 0.7338059 
C 1.9093628 3.3909977 1.4188119 
H 3.7564958 2.5877147 0.6649469 
H –0.0755232 3.9683957 2.0120379 
H 2.3911898 4.1809727 1.9794139 
C –1.5495472 –1.2966623 3.2104869 
O –1.7259572 –1.0778463 4.3956429 
O –0.2821622 –1.3668413 2.8173669 
O –0.1110922 –1.6565703 1.0953149 
C –2.6527542 –1.4914063 2.2162909 
H –3.6058642 –1.3971113 2.7300179 
H –2.5861522 –0.7512273 1.4198009 
H –2.5760022 –2.4749873 1.7537379 
C 0.7928608 –2.7513513 1.0618949 
H 0.5188558 –3.3899473 1.9051619 
C 0.6443458 –3.5369813  –0.2301011 
H 1.0099328 –2.9635753  –1.0801671 
H 1.2342878 –4.4501363  –0.1474871 
H –0.3971452 –3.8076463  –0.3939731 
O 2.1298488 –2.3325393 1.1772679 
H 2.2596378 –1.9585503 2.0576539 
C –1.0187742 0.7797547  –3.8654061 
O –1.3876622 –0.3930293  –3.7956021 
2.66
2.41
1.75
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O –0.4166572 1.4188357  –2.9142401 
C –1.2742612 1.6189457  –5.1051151 
H –0.4771002 2.3411527  –5.2676011 
H –1.3826232 0.9707217  –5.9716901 
H –2.2067402 2.1680847  –4.9585471 
 
ΔGsolvationUB3LYP = –0.0303037 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –1215.6994607 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –1213.79609518156 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –1216.3240321 
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 [1-Hydroxylethoxy(acetoxy)iodo] benzene (T)  
 
Calculated energies of [1-hydroxylethoxy(acetoxy)iodo]benzene. 
Method UB3LYP/def2-TZVPP-SMD(DCE) 
Zero-point correction  0.214618 (Hartree/Particle) 
Thermal correction to Energy  0.231982 
Thermal correction to Enthalpy                 0.232926 
Thermal correction to Gibbs Free Energy          0.166502 
Sum of electronic and zero-point Energies          –987.624641 
Sum of electronic and thermal Energies              –987.607277 
Sum of electronic and thermal Enthalpies         –987.606333 
Sum of electronic and thermal Free Energies          –987.672757 
 
Optimized coordinates of [1-hydroxylethoxy(acetoxy)iodo]benzene. 
O 0.174351 0.663660 –0.70138100 
 C 0.295283 0.183724  0.62322800 
 H 0.200774 –0.909260  0.62793200 
 C 1.642805 0.606432  1.16871300 
 H 1.721467 1.694538  1.15961600 
 H 1.762882 0.253400  2.19336600 
 H 2.442616 0.190278  0.55749100 
 O –0.695990 0.740836  1.47137400 
 H –1.553544 0.365810  1.23970500 
 I –0.832507 –0.481474 –2.08976800 
 C –2.695705 0.383845 –1.57065500 
 C –2.948493 1.693839 –1.95246200 
 C –3.609511 –0.365330 –0.84100300 
 C –4.160773 2.270161 –1.58475800 
 H –2.223354 2.258555 –2.52087400 
 C –4.818855 0.225444 –0.48636700 
 H –3.394819 –1.385826 –0.55756800 
 C –5.092326 1.538622 –0.85557600 
 H –4.373715 3.290533 –1.87449000 
 H –5.543454 –0.344668  0.07982500 
 H –6.033747 1.992211 –0.57544300 
 C –2.219261 –3.199464 –5.27467400 
 H –2.797473 –2.531264 –5.91309600 
 H –2.926992 –3.843962 –4.75002500 
 H –1.557038 –3.811335 –5.88215100 
 C –1.425201 –2.402811 –4.26554400 
 O –0.215854 –2.562975 –4.10443800 
 O –2.130981 –1.547820 –3.58058800 
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ΔGsolvationUB3LYP = –0.0255092 
UM06-2X/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –987.335969 
DLPNO-CCSD(T)/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE) 
HF = –985.7592272432 
UB3LYP-D3/def2-TZVPP-gas//UB3LYP/def2-TZVPP-SMD(DCE)  
HF = –987.8382982 
 
 
 
 
 
	
                                               
